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The Earth‘s atmosphere is a large photochemical reactor consisting primarily of 
N2 (~78%) and O2 (~21%) with Ar and water vapor being the next most abundant 
constituents.  All of the remaining gases in the atmosphere are referred to as ‗trace gases‘, 
and they play a critical role in understanding climate change, urban air quality, ozone 
production and depletion, and in determining the overall ‗health‘ of the atmosphere.  
These trace components are present in our atmosphere with mixing ratios, i.e., mole 
fractions, ranging from sub parts per trillion to several hundred parts per million.  One 
class of trace constituents that play a critical role in atmospheric chemistry are free 
radicals.  Free radicals are highly reactive, often initiating the oxidation of natural and 
anthropogenic atmospheric species, thereby often controlling the fate and lifetimes of 
these species.  The research comprising this dissertation focuses on laboratory studies of 
the kinetics and mechanisms of free radical (atomic halogen) reactions that can impact 
the levels of important trace atmospheric species.  In the studies reported herein, laser 
flash photolysis (LFP) was coupled with time resolved atomic resonance fluorescence 
(RF) spectroscopic detection of Cl or Br atoms to investigate halogen atom chemistry.  
The research addresses three groups of reactions: Cl atom reactions with alkyl bromides, 
Cl and Br-initiated oxidations of small (C2-C6) alkenes, and Cl reactions with CH3SCH3 
(DMS, dimethylsulfide) and CH3SeCH3 (DMSe, dimethylselenide).  
The alkyl bromide reactions were experimentally unique in that we were able to 
deduce kinetics of the Cl atom reaction with bromoethane, n-bromopropane, and 1,2-
dibromoethane by monitoring the appearance of the Br product by LFP-RF.  The Br is 
formed via elimination that occurs essentially instantaneously following β-H abstraction 
 xiv 
by the Cl atom.  All three of the bromoalkanes investigated are emitted into the 
atmosphere primarily from anthropogenic sources and all three have been identified by 
the World Meteorological Organization (WMO) as very short-lived (lifetime less than 6 
months) source gases with significant ozone depletion potentials (ODPs).  Additionally, 
the bromoalkanes mentioned above have been of interest as model compounds for larger 
partially halogenated organics found in the atmosphere, and they have been considered as 
potential replacement compounds for chlorofluorocarbons (CFCs) that have been banned 
as a result of the Montreal Protocol.  Brominated very short-lived compounds are thought 
to contribute 20-25% of total stratospheric bromine.  Thus, there is considerable interest 
in understanding the atmospheric chemistry of even the most short-lived organic bromine 
compounds.  Temporal profiles of Br atoms provided important kinetic and mechanistic 
insight for the reactions over a wide range of temperature and pressure.  Temperature-
dependent rate coefficients are determined for the alkyl bromides of interest for the first 
time, and the potential importance of the Cl reaction as an atmospheric degradation 
pathway for each alkyl bromide is qualitatively assessed. 
The studies of halogen atom reactions with alkenes focused on formation of 
weakly-bound adducts where kinetics of adduct formation and dissociation as well as 
non-adduct forming channels were evaluated.  The elementary steps in the Br initiated 
oxidation of the alkenes 2-methyl-1,3-butadiene (isoprene), 2,3-dimethyl-2-butene 
(tetramethylethylene, TME), and 1,3-butadiene have been investigated.  The 
experimental kinetic database for these reactions is quite sparse.  The kinetic results 
reported herein, suggests that Br reaction with the above olefins is much faster than 
previously thought.  Analysis of the temperature dependence of the “approach to 
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equilibrium” kinetic data in conjunction with electronic structure calculations allows for 
determination of enthalpy and entropy changes associated with each addition reaction.  
Where possible, both forward addition and reverse dissociation channels as well as H-
abstraction pathways were characterized.  The enthalpy change associated with the 
addition reaction to give the Br−isoprene and Br−1,3-butadiene adducts has been 
determined for the first time and the bond dissociation enthalpy obtained for the Br−TME 
adduct is in reasonable agreement with the only other previously reported value.  It 
should be noted that in the case of isoprene and 1,3-butadiene, there are multiple possible 
adducts that could be formed.  In order to help clarify which adducts are more or less 
likely to be formed, we rely on electronic structure calculations (see Chapter 5) to aid in 
our overall understanding of the adduct forming channels.  Furthermore, for the Br 
reactions with the three alkenes above, atomic Br kinetics have been monitored directly 
both in the absence and in the presence of O2 which allowed, for the first time, 
determination of rate coefficients for the elementary steps in the overall complex 
mechanism including determination of the Br−olefin + O2 rate coefficient.    
Also included in this group of reactions is the chlorine reaction with isoprene.  In 
addition to the well-known fact that isoprene is emitted into the atmosphere from 
vegetation, a potentially significant marine source of isoprene has received considerable 
attention.  Chlorine has long been thought to exist primarily in marine environments, 
however, recent findings also suggest a significant Cl production rate in the middle of the 
continental United States.  There are numerous room temperature kinetic studies for the 
Cl + isoprene reaction in the literature, however, there is only one temperature dependent 
study reported.  Current recommended 298 K rate coefficients for isoprene reactions 
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suggest the Cl reaction is ~ 4x faster than the analogous OH reaction.  If indeed this is the 
case, the Cl reaction could play a non-neglibible role in isoprene oxidation in atmospheric 
locales where Cl concentrations are relatively high.  In addition, the C−Cl bond strength 
in Cl−C5H8 is obtained from direct measurements of the forward and reversible addition 
rate coefficients.  Our results are compared with the literature data, and the potential 
importance of Cl-initiated oxidation as an atmospheric sink for isoprene is assessed.   
The final group of reactions investigated involves reactions of Cl with DMS and 
DMSe.  DMS and DMSe are the most prevalent sulfur and selenium compounds emitted 
to the atmosphere from the oceans.  The oxidation of DMS has been studied extensively 
due to the interest in the possible role of DMS oxidation in the formation of sulfate 
aerosols, however, DMSe oxidation processes have hardly been studied at all.  And, 
DMSe oxidation products are likely to be less volatile than the analogous DMS species.  
Selenium is an essential nutrient for many plants and animals; however, there is a fine 
line between enough and excess selenium which can be toxic.  Most studies suggest that 
atmospheric deposition is an important source of Se contamination, and it is therefore 
critical to evaluate the source emissions and fate of Se in the atmosphere.  Since the 
majority of atmospheric Se exists in the form of DMSe, determination of the kinetics and 
oxidation mechanisms of DMSe will go a long way towards understanding the global 
biogeochemical cycle of Se.  
 Both reversible addition and H-abstraction pathways have been characterized, 
and the first experimental determination of bond strength of the gas-phase DMS−Cl and 







 The Earth‘s atmosphere is a large photochemical reactor consisting primarily of 
N2 (~78%) and O2 (~21%) with Ar and water vapor being the next most abundant 
constituents.  All of the remaining gases in the atmosphere are referred to as ‗trace gases‘, 
and these minor components play a critical role in understanding climate change, urban 
air quality, ozone production and depletion, and in determining the overall ‗health‘ of the 
atmosphere.  Important trace components are present in our atmosphere with mixing 
ratios, i.e., mole fractions, ranging from sub parts per trillion to hundreds of parts per 
million.  One class of trace constituents that play a critical role in atmospheric chemistry 
are free radicals.  Free radicals are highly reactive, often initiating the oxidation of natural 
and anthropogenic atmospheric species, thus often controlling the fate and lifetimes of 
these species.   
 A majority of atmospheric gas phase transformations and some condensed phase 
transformations are initiated by free radical reactions.  Although this thesis focuses on gas 
phase processes, it should be noted that aqueous-phase and multi-phase processes also 
play a significant role in atmospheric chemistry.  Many atmospheric trace gases are 
highly soluble in water, and these species can undergo aqueous phase reactions once 
taken up into cloud water.  The uptake of soluble pollutants into clouds followed by 
subsequent rainout is an important pathway for the removal of trace species from the 
atmosphere, although, most clouds evaporate before they ever produce rain.  Upon 
evaporation, some chemical species are returned to the gas phase, albeit in a chemically 
more oxidized form than upon initial uptake into the aqueous phase.  The oxidized 
species are typically less volatile than their reduced precursors which can lead to particle 
growth.  Particles play a critical role in atmospheric chemistry by scattering and 
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absorbing atmospheric radiation, altering cloud properties, and acting as a medium 
through which chemical transformations can occur that do not occur in the gas phase.  A 
notable example of the latter case is the role of polar stratospheric clouds (PSCs) in the 
formation of the Anarctic ozone hole.   
 Gas phase chemical reactions play an integral role in understanding climate 
change, urban air quality, ozone production and depletion, and in determining the overall 
―well being‖ of our atmosphere.  Many gas phase processes are initiated by radical 
species including hydroxyl (OH), nitrate (NO3), halogen atoms (Cl, Br, I), and halogen 
oxides (ClO, BrO, IO).  These radicals are typically highly reactive because they contain 
an unpaired electron in the outer shell.  This high reactivity ensures the radical species 
remain in low abundance in the atmosphere, but they still play a crucial role in regulating 
the Earth‘s radiative balance and in the chemical properties of the atmosphere.  With the 
current high level of interest in stratospheric ozone depletion events as well as 
tropospheric ozone production and global warming, it is important to understand the 
chemistry behind these atmospheric processes.  When analyzing these processes, it is 
necessary to consider the vertical layers of the atmosphere.  We consider the two main 
layers of the (lower) atmosphere, the troposphere and the stratosphere.  The troposphere 
extends from ground level up to the tropopause at ~10 km, while the stratosphere extends 
from the tropopause to the stratopause at ~50 km.  Greater than 99.9% of the mass of the 
atmosphere is contained in this lowest 50 km of altitude [Seinfeld and Pandis, 2006].   
 The most abundant oxidants in the atmosphere are O2 and O3, however, these 
molecules are generally not very reactive (except with some radicals).  Approximately 
90% of atmospheric ozone resides in the stratosphere where it serves to block harmful 
UV radiation (λ < 290 nm) from reaching the Earth‘s surface; thus the central interest in 
the study of stratospheric processes involves the chemical mechanisms that control ozone 
levels, particularly ozone destruction by catalytic cycles involving HOx, NOx, and 
halogen species.  While ozone is the single most important chemical species in 
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stratospheric chemisty, it is the hydroxyl radical that is widely accepted to be the most 
important species in tropospheric chemistry.  Ozone acts as both a toxicant and as a 
greenhouse gas (ie. absorbs and emits radiation) in the troposphere, however, 
tropospheric ozone does have some positive effect.  OH is primarily generated from 





).  Because of its high reactivity towards many pollutants, the OH radical is 
often referred to as the detergent of the troposphere.  At the same time, OH initiated 
oxidation reactions are also critical in leading to ozone formation.    
 While OH is considered the primary oxidant in the troposphere, many other 
species such as NO3, O3, Cl, Br, ClO, and BrO can play a role in controlling the lifetimes 
of both natural and anthropogenic species.  NO3 tends to undergo rapid photolysis during 
the day and can therefore only accumulate at night.  NO3 reactions are typically slower 
than the analogous OH reactions, but typical 12 hour nighttime average NO3 




).  Compounds emitted from the 
Earth‘s surface such as hydrocarbons or sulfur compounds, react with OH or NO3 
radicals in addition to other less abundant radical species such as halogens and halogen 
oxides.  Knowledge of the kinetics of important free radical reactions helps to determine 
the lifetime of atmospheric trace species.  Such information is important for evaluating 
quantities such as global warming potentials (GWPs) and ozone depletion potentials 
(ODPs) for trace gases of interest.   
 Consider the following general scheme where Y represents the reactive species 
mentioned above, RH represents the species subject to oxidation, and R / Y−RH 
represent the radical product resulting from the initial oxidation step. 
 
Y  +  RH   →   HY  +  R       (1.1) 




The initial oxidation step can be either H-abstraction (1.1) or addition by Y (1.1a).  
Halogen atoms can be especially important in the marine boundary layer where their 
concentrations are typically highest.   
 The initial oxidation steps mentioned above are followed by radical products that 
undergo further chemical processes.   
 
R  +  O2   →   RO2        (1.2) 
RO2  +  NO   →   RO  +  NO2      (1.3) 
NO2  +  hv   →   NO  +  O       (1.4) 
O  +  O2   →   O3        (1.5) 
 
These radical interconversions are omnipresent in the atmosphere and display persistent 
effects on the chemical evolution of atmospheric species.  The radical reactions are only 
terminated when two radicals react with each other to form a stable species.  
Characterizations of the above processes contributes to our overall understanding of  
critical societal and scientific issues including ozone production and destruction, 
oxidation capacity of the troposphere, and climate change.   
Over the past several decades, radical reactions of the general type described 
above have been the subject of many laboratory and theoretical studies, and the kinetic 
information for these reactions has been accumulated and compiled for model use 
[Atkinson et al., 2004; 2006; 2007; 2008; Crowley et al., 2010; Sander et al., 2011].  
Knowledge of such kinetic information allows for the concentrations of the major 
radicals in the atmosphere to be modeled with reasonable accuracy, although 
disagreements do often appear.  Such models can also be helpful for predicting future 
trends in climate change, stratospheric ozone depletion, and air quality. 
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This dissertation reports studies of a series of potentially important atmospheric 
halogen atom (Cl and Br) reactions with various compounds known to exist in the 
atmosphere.  These reactions can be separated into four classes, (i) Cl reaction with a 
series of bromo-alkanes that have been identified by the World Meteorological 
Organization (WMO) [WMO, 2007] as short lived source gases with potentially 
significant ozone depletion potentials (Ch. 3), (ii) Cl initiated oxidation of isoprene (Ch. 
4), (iii) Br atom reactions with olefins involving the formation of weakly bound Br 
adducts (Ch. 5), and (iv) Cl atom reactions with the most abundant natural sulfur and 
selenium compounds found in the atmosphere (dimethyl sulfide (DMS) and dimethyl 
selenide (DMSe)) (Ch. 6).   Results from the reactions studied provide new knowledge 
regarding the significance of these reactions in atmospheric chemistry.  A brief 
introduction to the chemistry of these classes of compounds as well as their roles in the 
atmosphere and the motivation behind the work is given below, following an initial 
introduction to the role of halogen atoms in the atmosphere. 
Halogen Atoms 
Halogen atoms in the stratosphere 
Chlorine and bromine were first suggested as a significant contributor to the 
depletion of stratospheric ozone in the mid 1970‘s [Molina and Rowland, 1974; Stolarski 
and Cicerone, 1974; Wolfsy et al., 1975].  A majority of stratospheric chlorine and 
bromine is thought to be anthropogenic in origin [WMO, 2010].  Chlorine and bromine 
atoms exist in the stratosphere as the result of transport of long-lived anthropogenic 
chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs), and halons from the 
troposphere [WMO, 2010].  Natural sources are primarily methyl halides emitted into the 
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troposphere from the oceans and transported to the stratosphere [WMO, 2010].  Key 
catalytic cycles for destroying ozone that involve halogen atoms include the following 
 
Cl + O3 → ClO + O2                      (1.6) 
ClO + O → Cl + O2                         (1.7) 
—————————— 
Net: O3 + O → 2O2  
 
Cl + O3 → ClO + O2                                     (1.8) 
ClO + HO2 → HOCl + O2                        (1.9) 
HOCl  + hν → OH + Cl                              (1.10) 
OH + O3 → HO2 + O2                              (1.11) 
———————————— 
             Net: 2O3  → 3O2 
 
Br + O3 → BrO + O2                                     (1.12) 
BrO + HO2 → HOBr + O2                        (1.13) 
HOBr + hν → OH + Br                              (1.14) 
OH + O3 → HO2 + O2                              (1.15) 
———————————— 
             Net: 2O3  → 3O2 
 
Because the stratospheric O3 / O ratio decreases dramatically with increasing altitude 
[Jacob, 1999], catalytic cycles where the net reaction is O3 + O → 2 O2 are most 
important in the mid and upper stratosphere, whereas catalytic cycles where the net 
reaction is 2 O3 → 3 O2 are most important in the lower stratosphere. 
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One important example of how chlorine affects stratospheric chemistry is the 
formation of the Antarctic ozone hole.  In this region, massive ozone depletion can be 
attributed to the following efficient heterogeneous processes on the surfaces of polar 
stratospheric clouds (PSC) as follows [Crutzen and Arnold, 1986; Leu, 1988a; 1988b; 
McElroy et al., 1986; Molina et al., 1987; Solomon et al., 1986; Tolbert et al., 1987; 
Tolbert et al., 1988a; 1988b]: 
 
HCl + ClONO2 → HNO3 + Cl2                                   (1.16) 
H2O + ClONO2 → HNO3 + HOCl                               (1.17) 
H2O (g)  +  N2O5 (g)   →   2 HNO3       (1.18) 
HCl (g)  +  HOCl (g)   →   H2O + Cl2   (1.19) 
H2O + BrONO2 → HNO3 + HOBr                   (1.20) 
HCl + BrONO2 → HNO3 + BrCl                      (1.21) 
HCl (g)  +  HOBr (g)   →   H2O + BrCl   (1.22) 
  
 
Reactions 1.16 and 1.17 proceed very slowly in the gas phase but these reactions occur 
rapidly on PSC surfaces.  Photochemically labile halogen species such as Cl2, BrCl, 
HOCl, and HOBr accumulate during dark winter and photolyze rapidly upon exposure to 
spring sunlight, thus releasing large amounts of reactive Cl and Br atoms which facilitate 
ozone destruction via the following catalytic cycles. 
 
 
2 (Cl + O3 → ClO + O2)                                   (1.23) 
ClO + ClO + M   →   ClOOCl + M                  (1.24) 




             Net: 2O3  → 3O2 
 
Br + O3 → BrO + O2                                 (1.26) 
Cl + O3 → ClO + O2                                 (1.27) 
BrO  +  ClO  →   Cl  +  Br + O2                       (1.28) 
———————————— 
Net:  2O3 → 3O2 
 
 
Iodine atoms could potentially catalyze ozone destruction via cycles similar to 
those described above for Cl and Br.  In fact, because iodine resovoir species such as HOI 
and IONO2 are inefficient at sequestering IOX radicals, iodine is potentially a very 
efficient catalyst for ozone destruction.  However, since all iodine source compounds 
photolyse rapidly in the troposphere, the influence of iodine on stratospheric ozone levels 
is generally thought to be negligible.   
Halogen atoms in the troposphere 
While the effect of reactive halogen species on stratospheric chemistry, ozone 
destruction, in particular, has been largely understood for some time, the impact of 
halogen chemistry on the oxidation capacity of the troposphere is much more complex. 
Chlorine chemistry in the troposphere differs from that in the stratosphere in two primary 
ways: (i) the source compounds that photolyze to produce Cl atoms in the stratosphere 
are stable toward photolysis by radiation that penetrates into the troposphere; (ii) the 
majority stratospheric Cl atoms react with ozone, while in the troposphere most Cl atoms 
are destroyed by reaction with organics.  As a result, ClOx radicals are ineffective at 
catalyzing ozone destruction in the troposphere.  However, Cl atoms are the most reactive 
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of all atmospherically important halogen atoms as they can react with tropospheric trace 
gases via both H-abstraction and addition pathways.  Cl reactions with organic 
compounds are typically much faster, i.e., rate coefficients are larger by an order of 
magnitude or more, than the corresponding OH reactions [Sander et al., 2011; Atkinson 
et al., 2006].  Hence, in the event that Cl concentrations are greater than ~ 1 % of OH 
concentrations, Cl would be able to effectively compete with OH for reaction with many 
organics in the troposphere.   
Several field studies in both tropical and mid-latitude marine environments 
[Wingenter et al., 1996; Wingenter et al., 2005] as well as in arctic regions [Ariya et al., 
1999; Boudries and Bottenheim, 2000; Jobson et al., 1994] suggest tropospheric Cl 
chemistry plays a role in controlling concentrations and lifetimes of nonmethane 
hydrocarbons (NMHCs).  Kinetic information for the oxidation of hydrocarbons by OH 
and Cl have been used to deduce average Cl concentration by time series observations of 
NMHCs, while simultaneously solving for air mass mixing and OH concentrations 
[Wingenter et al., 1996; Wingenter et al., 2005].  A similar approach was utilized in order 
to deduce average [Cl] over a few days [Ariya et al., 1999; Boudries and Bottenheim, 







10% of OH levels), which supports results from the Cl precursor measurements stated 
above.   
Cl atoms in the MBL exist primarily as the result of photolysis of photo-labile 
compounds such as Cl2, ClNO, or ClNO2, which are produced from heterogeneous 
reactions either in the bulk or on the surface of aqueous particles [Knipping et al., 2000; 
Laskin et al., 2006; Raff et al., 2009; Finlayson-Pitts, 2010].  Measurements of these 
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source compounds can provide information about Cl atom levels.  A photochemical 
model has been employed along with results of field measurements of [Cl2*] (including 







[Pszenny et al., 1993].  In addition, atmospheric pressure chemical ionization mass 
spectrometry was employed in an effort to deduce concentrations of molecular chlorine 
(Cl2) near Long Island, NY [Spicer et al., 1998] and in Irvine, California [Finley and 





.  Gas phase species such as OH, ClONO2, N2O5, NO2, and HNO3 have also 
been shown to contribute to heterogeneous processes which produce gas phase Cl atoms.   
The oceans represent the largest natural source of halogenated compounds, 
although it is worth noting that recent findings suggest a significant Cl production rate 
(ClNO2) even in the middle of the continental United States far removed from sea salt 
sources [Thornton et al., 2010].  Sea salt contains 55.7 % Cl, 0.19% Br, and 0.00002 % I 
by weight [Seinfeld and Pandis, 2006].  There is evidence that suggests a net flux of Cl 
and Br from marine aerosol to the gas phase [Seinfeld and Pandis, 2006; Finlayson-Pitts, 
2010].  However, for I atoms, the I content in marine aerosol is typically ~ 1000 times 
greater than that present in seawater, which stems from an enhanced level of organic I 
compounds in the surface organic layer of the ocean [Carpenter, 2003].   
In addition to the heterogeneous chemistry addressed above, pure gas phase 
processes also can contribute to generate Cl atoms.  Gas phase HCl, a product of the Cl 
hydrogen abstraction reaction, reacts with OH to yield Cl atoms.   
 




Other less abundant gas phase processes that generate Cl atoms include the result of the 
ClO reaction with NO or HO2.     
 Similar to the case with chlorine, the source compounds that photolyze to 
generate Br atoms in the stratosphere are stable toward photolysis by radiation that 
penetrates into the troposphere.  Unlike Cl which is reactive towards most hydrocarbons 
Br atom reactions with saturated hydrocarbons proceed slowly via hydrogen abstraction 
and are thought to be of negligible importance in the atmosphere.  Br does react with 
aldehydes, olefins, and HO2 radicals, but the typical fate of atomic Br involves reaction 
with O3 and subsequent production of BrO as seen in (1.26).   
The Br addition reactions with unsaturated organics lead to formation of a 
bromoalkyl radical, although the C−Br bond in a given bromoalkyl radical is much 
weaker than the C−Cl bond in the corresponding chloroalkyl radical.  The effective rate 
coefficients for Br + olefin reactions under tropospheric conditions depend on the 
addition rate coefficient and on the competition between bromoalkyl radical unimolecular 
decomposition and bromoalkyl radical reaction with O2.  These effective rate coefficients 
can have complex dependences on temperature, pressure, and [O2], but appear to 
approach gas kinetic rates under conditions where the O2 reaction dominates the 
competition for removal of the bromoalkyl radical adduct [Laine et al., 2011a]. 
The primary result of the fact that Br atoms are less reactive with organics than Cl 
atoms is that Br atoms can participate in catalytic cycles that destroy tropospheric ozone.  
The most important catalytic cycle under typical tropospheric conditions is the BrO + 
HO2 cycle, reactions (12-15).  Analagous to the case for Cl, heterogeneous reactions are 
required to maintain significant levels of BrOx radicals.  Lab studies have shown that 
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BrOx can be produced in the troposphere by the heterogeneous process described above 
[Kirchner et al., 1997; Abbatt, 1994; Abbatt and Nowak, 1997; Fickert et al., 1999; Huff 
and Abbatt, 2000, 2002; Adams et al., 2002].  The reaction sequence below (1.30-1.32) 
has been proposed [Vogt et al., 1996] and supported by both laboratory studies [Fickert et 
al., 1999] and field measurements [Foster et al., 2001] which have shown that both BrCl 
and Br2 are produced from the snow pack.   
 
HOBr  +  Cl
−
  +  H
+
   →   H2O  +  BrCl    (1.30) 
BrCl  +  Br
−
   →   Br2Cl
−
       (1.31) 
Br2Cl
−
   →   Br2  +  Cl
−
      (1.32) 
            ———————————— 
 Net:  HOBr  +  H
+
  +  Br
−
   →   H2O  +  Br2 
 
It should be noted that the HOBr in reaction (1.30) is produced from reaction (13).  Also 
of note, reaction (1.32) is a heterogeneous reaction, and (1.30-1.31) occur in the aqueous 
phase.  Additionally, when there isn‘t sufficient Br
− 
to react with BrCl (1.31), then BrCl 
can escape into the gas phase where it is rapidly photolysed to yield both reactive Cl and 
Br.   
Recent research has shown atomic halogens can also be produced near the sea 
surface via photosensitized oxidations of halide anions (X‾, where X = Cl, Br, or I) by 
chlorophyll and carbonyls [Jammoul et al., 2009; Reeser et al., 2009].  These formed 
photo-labile compounds are unreactive at night, thus allowing for accumulation prior to 
undergoing rapid photolysis and subsequent production of large concentrations of X 
atoms.  Therefore, [X] is expected to be at its highest concentrations in the marine 
boundary layer (MBL) after sunrise, consistent with field measurements [Liao et al., 
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2011a; 2011b].  Modeling investigations have suggested that inclusion of chlorine 
chemistry resulting from sea salt reactions has a significant effect on projected ozone 
levels in coastal urban areas [Chang et al., 2002; Knipping and Dabdub, 2003]. 
A similar sequence (shown below) is thought to be the dominant source of 
reactive halogen atoms during polar boundary layer ozone depletion events [Fan and 
Jacob, 1992; McConnell et al., 1992; Platt and Janssen, 1995; Platt and Lehrer, 1996; 
Tang and McConnell, 1996; Wennberg, 1999; Simpson et al., 2007].   
 
 
HOBr  +  Br
−
  +  H
+
   →   H2O  +  Br2    (1.33) 
Br2  +  hv   →   2Br       (1.34) 
Br  +  O3   →   BrO  +  O2      (1.35) 
BrO  +  HO2   →   HOBr  +  O2     (1.36) 
            ———————————— 
 Net: H
+
  +  Br
−
  +  HO2  +  O3   →   Br  +  H2O  +  2O2 
 
As can be seen from the net reaction above, the reaction sequence is 
‗autocatalytic‘.  The mechanism of (1.33) has been the subject of numerous laboratory 
studies.  It is a multiphase reaction, for example, gaseous HOBr is taken up into brine 
solution where it reacts and is followed by release of gaseous Br2 [Fickert et al., 1999; 
Huff and Abbatt, 2000; 2002; Adams et al., 2002].  The sequences shown above (1.30-
1.32 and 1.33-1.36) are often referred to as the ‗bromine explosion‘.  The result of this 
‗explosion‘ is very high BrOx levels which contribute to the following catalytic cycle: 
 
2 (Br + O3 → BrO + O2)                          (1.37) 
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BrO  +  BrO  →   2Br + O2                       (1.38) 
———————————— 
Net:  2O3 → 3O2 
 
Reaction (1.38) can also proceed to yield Br2 + O2, however, Br2 is rapidly photolyzed to 
give 2Br. 




 was obtained for [Br] during 
an Arctic boundary layer ozone depletion event where ozone was reduced to below 
1ppbv, which accounts for the additional removal of some highly reactive compounds 
(acetylene) via mechanisms other than OH and Cl reactions. The above-mentioned field 
data suggest that Cl and Br reactions make significant contributions to the oxidation of 
many organic compounds in atmospheric locales where halogen atoms are prevalent, i.e., 
in marine and polar environments.   
It had been previously found that reaction (1.29) is an insignificant source for Cl 
atoms [Finlayson-Pitts, 2003].  However, recent model studies [Keene et al., 2007; 
Pechtl and von Glasow, 2007] have suggested the reaction initiates the production of Cl2 
in the marine boundary layer and sustains Cl steady state concentrations at relatively high 
levels via the following scheme: 
 
HCl + OH → Cl + H2O                         (1.29) 
Cl + O3 → ClO + O2            (1.39) 
ClO + HO2 → HOCl (g) + O2     (1.40) 
HOCl (g) → HOCl (aq)     (1.41) 
HOCl (aq) + Cl‾ (aq) + H
+ 




HOCl and Cl2 accumulate at night and rapidly release Cl atoms after sunrise, resulting in 
high concentrations of Cl in the morning.   
 
Cl2  +  hν   →   Cl  +  Cl                                                         (1.43) 
HOCl  +  hν   →   Cl  +  OH                                                 (1.10) 
 
In addition, recent laboratory and theoretical research demonstrates that heterogeneous 
reaction of N2O5 with HCl (in competition with H2O) may represent a significant source 
of tropospheric ClNOx species that can rapidly photolyze under daytime conditions to 
produce Cl atoms [Raff et al., 2009].  
 
HCl (g)  +  N2O5 (g)   →   HNO3 (l)  +  ClNO2 (g)  (1.44) 
 
Similarly, photolysis of other photo-labile chlorine containing compounds that originate 
from heterogeneous reactions involving sea salt aerosols also produce Cl atoms in marine 
environments [Finlayson-Pitts et al., 1989; Finlayson-Pitts, 2003]. 
 
NaCl (s) +  N2O5 (g)  →  NaNO3 (s) + ClNO2 (g)  (1.45) 
NaCl (s) + ClONO2 (g)  → NaNO3 (s) + Cl2 (g)                     (1.46) 
ClNO2 +  hν → Cl + NO2                                                        (1.47) 
Cl2 + hν → Cl + Cl                                                                  (1.48) 
 
Analogous to Cl production, heterogeneous reactions on sea salt surface can also 
occur in the marine boundary layer to produce Br atoms [Finlayson-Pitts, 2003; Frinak 
and Abbatt, 2006].  Molecular bromine (Br2) is found most commonly as the result of 
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heterogeneous reactions of sea salt bromide occurring in snow-pack, sea ice, or marine 
aerosols [Tang et al., 1996; Vogt et al., 1996].   
 
NaBr (s) + N2O5 (g) → NaNO3 (s) + BrNO2 (g)         (1.49) 




(aq) + OH (aq) ↔ HOBr‾
  





 (aq) → Br (aq) + H2O                                (1.52) 
Br (aq) + Br‾ (aq) ↔ Br2
–
 (aq)    (1.53) 
Br2‾ (aq) + Br2‾ (aq) ↔ Br3‾ (aq) + Br‾ (aq)   (1.54) 
Br3‾ (aq) ↔ Br2 (g) + Br‾ (aq)    (1.55)  
 
It has also been suggested that micro algae in the Arctic emits the photolabile species, 
bromoform (CHBr3), yielding Br radicals during the polar sunrise [Sturges et al., 1992; 
Sturges et al., 1993a,b].  Additionally, theoretical studies have led to the conclusion that 
high concentrations of Br are possible in the lower arctic environment [Barrie et al., 
1988; Platt et al., 1995; Ramacher et al., 1997].   
Br atoms are then regenerated from a variety of reactions, similar to (1.56-1.60) 
shown below (X, Y = Cl, Br, or I)  
 
X  +  O3   →   XO  +  O2     (1.56) 
XO  +  hν   →   X  +  O                                       (1.57) 
XO  + XO   →   2X  + O2        (1.58a) 
                                →   X2  +  O2     (1.58b) 
XO + YO  →   X + Y + O2     (1.59a)  
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          →   XY + O2       (1.59b) 
      →   OXO + Y     (1.59c) 
XO + YO  +  M   →   XOOY     (1.59d) 
XO + NO  →  NO2  +  X     (1.60) 
 
Typical springtime Arctic daytime j-values, i.e., first-order photolysis rate coefficients, 








, and 0.2 s
-1
 for X = Cl, Br, I, respectively [Simpson 









, but NO levels are typically too low in these regions to impact BrO levels 
significantly [Atkinson et al., 2007].  Hence, the fate of BrO is dominated by photolysis 
(1.53) at low ozone, ie., Br/BrO is highest, while at high ozone during the day Br/BrO 
will be lowest.  The formation of X2 and XY in reactions 1.54b and 1.55b will rapidly 
lead to 2X and X + Y via photolysis.  Once halogen atoms are released by any of the 
steps above (1.53-1.56) the next most common step is for the halogen atom to react again 
with ozone.  The probabilities are >99% for I, up to 99% for Br, and up to 50% for Cl 
[Simpson et al., 2007].  This supports data from studies showing significant amounts of 
IO and BrO have been observed in the polar boundary layer, while previous research 
shows the same cannot be said for ClO in this region [Platt, 1995; Simpson et al., 2007].    
In polluted environments [XO] / [X] ~ 10 – 100 for Cl and [XO] / [X] ~ 1 − 10 for Br and 
I [Simpson et al., 2007; Zeng, 2005].   
In the Arctic springtime, a strong correlation is found between the sudden loss of 
ozone at ground level and the concurrent increase of filterable bromine species (HBr, 
BrONO2, Br, BrO, HOBr, and particulate Br), implying that the tropospheric ozone 
depletion is heavily influenced by Br catalytic cycles [Barrie et al., 1988; Bottenheim et 
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al., 1990; Yang et al., 2005].  Furthermore, a strong peak in both I and Br containing 
aerosol concentrations has been observed during this time period [Bottenheim et al., 
1990; Barrie et al., 1994].  These investigations, in addition to others [Vogt et al., 1999; 
O’Dowd and Hoffmann, 2005] imply that interhalogen couplings involving I atoms could 
be important in regulating the reactive halogen budget in regards to ozone destruction.  
Reverting back to the XO + XO self reaction leading to OXO formation (R1.54), the case 
where X = I is interesting because (i) the IO self reaction is much faster than the BrO or 
ClO self reactions [Sander et al., 2011] and (ii) OIO photolysis to give I + O2 is possible 
(strong absorption bands between 480 and 620 nm), thus making the IO + IO self 
reaction a potentially major ozone depletion cycle [Ingham et al., 2000; Ashworth et al., 
2002].   
IO  +  IO  →   2I  +  O2     (1.61a) 
                                         →   I2 +  O2     (1.61b) 
                 →   OIO  +  I                         (1.61c) 
IO  +  IO  +  M   →   I2O2  +  M                       (1.61d) 
 
The photolysis of tropospheric iodine species is of potential importance with 
regard to influencing ozone budget and NOx balance [Carpenter, 2003; Chameides and 
Davis, 1980].  Further evidence suggests that iodine in the marine boundary layer has an 
influence on ozone destruction, the oxidizing capacity of the troposphere, denoxification, 
and particle formation [Hoffmann et al., 2001; O'Dowd et al., 2002; Pechtl et al., 2006; 
Carpenter, 2003].  Inorganic iodine (i.e., reactive iodine) comes primarily from methyl 
iodide (CH3I), diiodomethane (CH2I2), and chloroiodomethane (CH2ICl) which is emitted 
from microalgae with some evidence of an open ocean source [Carpenter, 2003; 
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Finlayson-Pitts, 2010].  The potential significance of I atom chemistry, in regards to 
many of the processes discussed above is currently unclear.   
Halogen atoms and tropospheric O3 formation 
The primary oxidant in the troposphere has long been thought to be the OH 
radical, which subsequently leads to ozone formation as seen from the reaction sequence 
1.1-1.5.  Halogen atom reactions can also serve as oxidants of many trace species, 
through much the same pathway shown in reactions 1.1-1.5.  Cl atoms can react readily 
with hydrocarbons via H-abstraction or addition if the hydrocarbon is unsaturated.  Br 
atoms can also add to the double bond in much the same way as Cl, however, H-
abstraction by Br is typically less favorable, and I atoms are generally less reactive than 
Br.  The largest uncertainty associated with tropospheric halogen chemistry and its role in 
ozone formation lies in the difficulty associated with directly measuring halogen atoms in 
the troposphere.  Attempts have been made in an effort to deduce tropospheric 
concentrations of Cl and Br atoms in a number of studies [Ariya et al., 1999; Boudries 
and Bottenheim, 2000; Finley and Saltzman, 2006; 2008; Jobson et al., 1994; Lawler et 
al., 2009; Wingenter et al., 1996; Wingenter et al., 2005].  Because of the difficulties in 
directly detecting these halogen atoms, the standard procedure in determining 
tropospheric Cl and Br concentrations is to employ indirect methods.  For example, 
measurements of the concentration-time behaviour of hydrocarbons during O3 depletion 
events have provided strong evidence that their oxidation is strongly dependent on both 
chlorine and bromine chemistry [Jobson et al., 1994; Sauer et al., 1999; Wingenter et al., 





 [Boudries and Bottenheim, 2000].  Additional measurements by a completely 
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(inferred from differential optical absorption spectroscopy (DOAS) measurements of the 
BrO radical concentration) [Platt and Janssen, 1995].  
A great example of the effectiveness of this approach in assessing the halogen 
atom abundance on a global scale is the method employed by Singh et al. [1996].  These 
researchers inferred a global average Cl atom concentration by analyzing the 
concentrations of tetrachloroethylene (C2Cl4) in various environments and interpreting 
the results using a 2-D model.  The emission inventory of C2Cl4 is known with high 
accuracy, as tropospheric C2Cl4 is primarily of industrial origin although a small ocean 
source has been suggested [Singh et al., 1996].  Knowledge of its emission inventory and 
the Cl atom kinetics (the Cl reaction with C2Cl4 is over 300 times faster than that with 
OH [Nicovich et al., 1996]) allows for reliable Cl concentration estimates on a global 




 was calculated as a 
global average [Singh et al., 1996].  Additional confidence stems from the fact that OH 
radical kinetics are sufficient to balance the C2Cl4 budget.   
Finley and Saltzman [2008] also measured the concentrations of Cl2 and Br2 along 
the Pacific coast off southern California.  They estimated the 24-hour mean 
concentrations of Cl and Br atoms to be 7.7 × 10
3





using a photochemical box model.  In a very recent field observation, Lawler et al. [2009] 
measured the Cl2 concentrations in the eastern tropical Atlantic and simulated a 24-hour 








Halogenated alkanes are present in the atmosphere as a result of both natural and 
anthropogenic processes, however, the majority of brominated alkyl bromides are of 
natural origin being emitted from the ocean. Notable exceptions include ethyl bromide, n-
propyl bromide (n-C3H7Br) and 1,2-dibromoethane (CH2BrCH2Br).  Ethyl bromide is 
primarily used in organic synthesis as an ethylating agent, n-propyl bromide is an organic 
solvent used primarily for cleaning metal surfaces, while 1,2-dibromoethane is primarily 
used as a fumigant.  Another source of tropospheric halogen compounds involve use of 
replacement compounds for fully halogenated CFCs that can be chemically degraded in 
the troposphere.  Many alkyl bromides are considered very short-lived substances, which 
are defined as those having atmospheric lifetimes comparable to, or less than, average 
tropospheric transport time scales of approximately six months [Law et al., 2007].  
Brominated very short-lived compounds are thought to contribute 20-25% (or ~ 5 ppt) of 
total stratospheric bromine [Law et al., 2007].  As mentioned earlier, while stratospheric 
levels of bromine are considerably lower than those of chlorine, ozone depletion 
potentials (ODPs) for organic bromine compounds are much higher than for analogous 
organic chlorine compounds.  Thus, there is considerable interest in understanding the 
atmospheric chemistry of even relatively short-lived organic bromine compounds.  The 
potential for any halogenated source gas to destroy ozone is ultimately decided by the 
altitude at which species is destroyed in the atmosphere.  The primary tropospheric sink 
for most halocarbons including the bromoethane, bromopropane, and 1,2-dibromoethane 
is reaction with OH radicals [see for example, Brioude et al., 2010].  Direct photolysis is 




If the Cl rate coefficients are significantly (> 10 times) faster than the OH rate 




 [Wingenter et al., 
2005], which is typical for the marine boundary layer, then inclusion of the Cl reaction 
can reduce the estimated tropospheric lifetimes of the alkyl bromide in question.  In 
Chapter 3 the results from studies of the Cl reaction with three alkyl bromides are 
presented and the potential effect on the atmospheric lifetimes and ODPs of each 
bromoalkane is assessed.  Furthermore, branching ratios for β-hydrogen abstraction are 
evaluated to provide mechanistic information. 
Alkenes (C2 – C6) 
 
Alkenes exist in our atmosphere as the result of both natural and anthropogenic 
processes.  One primary source of anthropogenic emissions includes gasoline fuels and 
other automobile exhaust emissions [Seinfeld and Pandis, 2006].  These small 
unsaturated organics make up roughly 10 % of non-methane-hydrocarbon (NMHC) 
concentration in many U.S. cities [Lurmann and Main, 1992; Chameides et al., 1992].    
It is well-established that isoprene is the single most important NMHC emitted from 
terrestrial sources.  In addition, a potentially significant marine source of isoprene has 
received considerable recent attention [Liss, 2007; Liakakou et al., 2007; Sinha et al., 
2007; Arnold et al., 2009; Gantt et al., 2009; 2010].  Alkenes are unique in that they can 
be oxidized by hydrogen abstraction or by addition to the double bond, thus increasing 
their overall reactivity and, in turn, leading to increased potential for ozone formation in 
urban (high NOx) environments.   
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The reaction scheme below illustrates the steps leading to ozone formation via 
oxidation of hydrocarbons (R).  The initial step is oxidation, via OH, O3, NO3, or a 
halogen atom, to form the hydrocarbon radical species (R·), followed by: 
 
  R·  +  O2  +  M  →  RO2  +  M                               (1.2) 
 
The hydrocarbon radical (R·) above can be formed as the result of either H-abstraction or 
addition to a double bond; however, in cases where an adduct is formed the adduct 
dissociation reaction will compete with the O2 reaction above.  The fate of the peroxy 
(RO2) radical varies with the identity and size of R.  For example: 
 
CH3  +  O2   →   CH3O2   →   HCHO  +  OH   (1.62) 
 
HCHO is the result of the alkoxy radical reaction with O2 (CH3O + O2).  In all but the 
remote troposphere, alkylperoxy radicals (RO2) react with NO to form alkoxy radicals 
(RO): 
RO2  +  NO   →   NO2  +  RO    (1.3) 
 
Alkoxy radicals undergo more complex chemistry than peroxy radicals.  These radicals 
(RO) can react with O2, undergo isomerization, undergo decomposition, and react with 
NO or with NO2.  For larger alkyl radicals (C > 2) stable alkyl nitrates can be formed: 
 
RO2  +  NO  +  M   →  RONO2  + O2    (1.63) 
 
In an atmosphere devoid of NO, RO2 will likely react with HO2: 
 




The fate of the ROOH product of reaction (1.70) is dominated by either reaction with OH 
or by photolysis.   
Production of NO2 is considered the most significant source of anthropogenically 
produced ozone [Finlayson-Pitts and Pitts, 2000].  This entire process is critical in 
controlling the oxidizing capacity of the atmosphere.  The initial H-abstraction reaction 
preceding reaction (1.2) is typically accepted to be dominated by the hydroxyl radical, 
however, in some locales chlorine atoms can play a significant role.  In the case of 
bromine, H-abstraction by Br is often slow and unimportant in the atmosphere.  However, 
Br reactions with unsaturated hydrocarbons can be much more complex.  These reactions 
typically proceed rapidly via addition of the Br atom to the double bond and, depending 
on the local Br atom concentration and subsequent chemistry of the Br-containing adduct, 
could play a significant role in atmospheric chemisty. 
 Reactions of atomic halogens with olefins are thought to play a potentially 
significant role in the chemistry of marine atmospheric environments, often times with 
rate coefficients approaching the collision-controlled regime, particularly at low 
temperatures.  Weakly-bound radical-molecule adducts could potentially play an 
important role in cold atmospheric environments because at lower temperatures 
unimolecular decomposition is slower, i.e., less able to compete with adduct reaction with 
O2.  In the Arctic troposphere, for example, bromine atom initiated oxidation of olefins 
could potentially represent an important loss process for bromine (and for many alkenes) 
depending on the local alkene concentration, Br atom concentration, and subsequent 
chemistry of the Br-containing adduct.   
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 In Chapters 4 and 5 we report studies of the halogen initiated oxidation of 
isoprene, 2,3-dimethyl-2-butene, and 1,3-butadiene under atmospheric conditions.  The 
results are compared with prior literature when appropriate.  The kinetic data are used to 
assess the potential importance of the halogen atom reaction as a loss process for each 
alkene relative to the reactions with OH, NO3, and O3. 
Sulfur and Selenium (DMS and DMSe)  
 
Anthropogenic sulfur emissions exceed natural emissions by about a factor of ten 
in industrialized nations such as the United States [Andreae, 1990; Bates et al., 1992; 
1994; Spiro et al., 1992].  However, since the ocean covers nearly 70 % of the Earth‘s 
surface biogenic emissions can represent a significant fraction (15-20 % in the Northern 
Hemisphere and 50-60 % in the Southern Hemisphere) of the overall sulfur budget on a 
global scale [Andreae, 1990; Bates et al., 1992; 1994].  Roughly half of all biogenic 
sulfur is emitted from the oceans in the form of dimethyl sulfide (DMS, CH3SCH3).  
DMS is believed to stem from the decomposition of dimethyl sulfoniopropionate 
produced by marine organisms such as phytoplankton [Andreae, 1990], and its 
concentrations have been found to be highly variable in marine environments.  DMS 
concentrations depend on diurnal and seasonal variations, as well as depth and location in 
seawater [Andreae and Barnard, 1984; Turner and Liss, 1985; Andreae and Raemdonck, 
1983].  Research yielding DMS concentrations in the atmosphere along with Henry‘s law 
constants for DMS in seawater lead to oceanic DMS concentrations in large excess of 
those that would be in equilibrium with atmospheric levels.  Hence, the result of this lack 
of equilibrium is a net flux of DMS from the ocean to the atmosphere [Seinfeld and 
Pandis, 2006].     
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The atmospheric chemistry of DMS has been well studied because of its potential 
importance in regulating global climate. [Barnes et al., 2006 and references therein; 
Daykin and Wine, 1990; Hynes et al., 1986; Ingham et al., 1999; Jefferson et al., 1994; 
Stickel et al., 1992; Wine et al., 1993; Zhao et al., 1996].  The atmospheric oxidation 
reactions initiated by OH and Cl can proceed via both H-abstraction and addition 
pathways.  The DMS–OH adduct can react with O2 in competition with adduct 
decomposition, thus efficiently destroying DMS in the atmosphere [Williams et al., 2007; 
Barone et al., 1995; Hynes et al., 1986].  However, the DMS–Cl adduct does not react 
with O2 at a measurable rate, and the likely atmospheric fate includes thermal 
decomposition back to the DMS and Cl, reaction with NOx, and possibly photolysis to 
yield unknown products [Enami et al., 2004; Urbanski and Wine, 1999].   
The H-abstraction product, CH3SCH2, readily reacts O2 which yields the peroxy 
radical, CH3SCH2(OO).  Under atmospheric conditions, the sulfur peroxy radical is 
subject to reaction with NO to give CH3S (+H2CO) [Urbanski et al., 1997], or reaction 
with HO2  (similar to alkyl radical reactions) that could lead to production of an 
important intermediate for the end products SO2, methane sulfonic acid (MSA), and 
eventually H2SO4.  These less-volatile sulfur oxidation products such as H2SO4 can lead 
to new particle formation, which in the marine boundary layer can lead to formation of 
cloud condensation nuclei (CCN).  CCN lead to formation of stratus clouds, and above 
the ocean, roughly half of the sky is covered by stratus clouds which play a crucial role in 
governing planetary albedo.  The three primary sources of aerosols in the marine 
boundary layer are sea salt, non-sea-salt-sulfate (nss), and entrainment of free 
tropospheric aerosol [Barnes et al., 2006].  The oxidation of DMS in the gas phase 
 
27 
represents the primary component of nss-aerosol [Charlson et al., 1987; Andreae et al., 
1994; Ayers et al., 1996].  The CLAW hypothesis postulates that emission of DMS from 
the oceans may have a significant impact on Earth‘s radiation budget and possibly on 
climate regulation [Charlson et al., 1987].  The question that still remains unsettled today 
is to the extent that DMS plays in controlling levels of aerosol in the marine boundary 
layer [Barnes et al., 2006].   Understanding the kinetics of DMS reactions is important 
towards that end.   
Similar to its analog DMS, dimethyl selenide (DMSe, CH3SeCH3) is found to be 
the most abundant volatile Se species in the atmosphere and in surface seawater, although 
other Se containing species have been measured including dimethyl diselenide (DMDSe, 
CH3SeSeCH3), methyl selenyl sulfide (DMSeS, CH3SeSCH3), and methane selenol 
(MeSeH, CH3SeH) [Amouroux and Donard, 1996; Amouroux et al., 2001].  Because of 
physiochemical and geochemical similarities between Se and S species, the atmospheric 
chemistry of DMSe is often compared with DMS.  It is thought that DMSe is produced 
via a similar pathway to DMS in cocolithophorid, the most widespread species of 
plankton in the ocean [Amouroux et al., 2001].  In fact, the concentrations of DMSe and 
DMS in marine environments are found to be strongly correlated.  However, DMSe is in 
much less abundance than DMS with a molar ratio of ~10
−4
; therefore, DMSe chemistry 
has not been studied nearly to the extent that DMS chemistry has.  
The atmosphere is a transient reservoir of selenium, which is subjected to a 
variety of physical, chemical, and photochemical processes.  Selenium levels are found to 
be highly variable in time and space.  According to recent evaluations of the global Se 
budget, approximately 13,000 − 19,000 tons of Se is cycled through the troposphere 
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annually.  Selenium is an essential nutrient for many plants and animals; however, there 
is a fine line between enough and excess selenium which can be toxic [Wilber, 1980; 
Amouroux et al., 2001].  Lack of enough Se has been recognized in some parts of China 
as the cause for Keshan disease, an endemic cardiomyopathy, and Kashin-Beck disease, a 
deforming arthritis [Fordyce et al., 2000; Rayman, 2000].   
Although it has been established that dimethyl selenide, in particular, does not 
undergo photolysis in the troposphere, suggesting that its atmospheric removal is 
dominated by reactions with hydroxyl radicals, nitrate radicals, and/or ozone [Atkinson et 
al., 1990].  The reactions of halogen atoms (as well as halogen monoxides) with DMSe 
may also be of importance.  Because oxidized selenium compounds are quite non-
volatile, DMSe oxidation products may play a role in the formation or growth of aerosols, 
and condensed phase chemistry is expected to be an important component of atmospheric 
selenium transformation chemistry.  Considerable levels of Se in particulate form (up to 3 
ng m
-3
) have been observed by a number of field studies at different sites around the 
world [Beavington et al., 2004; Eldred, 1997; Kagawa et al., 2003; Mosher and Duce, 
1987].  Aerosol formation by selenium species is certainly of less significance to global 
climate modification than aerosol formation by sulfur species due to the scarcity of 
selenium in the atmosphere.  Interest in the atmospheric chemistry of selenium focuses 
more on understanding the influence of oceanic emission, atmospheric transport, and 
atmospheric transformation on selenium levels and speciation observed in terrestrial 
environments than on climate impacts. 
DMSe oxidation products are likely to be less volatile than the analogous DMS 
species.  Most studies suggest that atmospheric deposition is an important source of Se 
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contamination, and it is therefore critical to evaluate the source emissions and fate of Se 
in the atmosphere.  Since the majority of atmospheric Se exists in the form of DMSe, 
determination of the kinetics and oxidation mechanisms of DMSe will go a long way 
towards understanding the global biogeochemical cycle of Se.  
The atmospheric transport, transformation and removal of Se has been reviewed 
by several investigators [Ross, 1984; Wen and Carignan, 2007].  Only a few papers 
describing lab studies of potentially important reactions in the atmospheric oxidation of 
DMSe have appeared in the literature and as a result, the atmospheric chemistry of 
selenium remains poorly understood.   
In chapters 6 we report studies of chlorine atom reactions with DMS and DMSe.  
The results are compared with prior literature when appropriate.  The kinetic data are 
used to determine the importance of the halogen atom reaction as a loss process for DMS 
and DMSe relative to the reactions with OH, NO3, and O3; thermodynamic information is 
also obtained. 
The radical reactions studied in this work are halogen reactions with a series of Cl 
reactions with alkyl bromides (Chapter 3), Cl + isoprene (Chapter 4), Br reactions with 
isoprene, tetramethyl ethylene and 1,3-butadiene (Chapter 5), Cl + dimethyl sulfide and 
dimethyl selenide (Chapter 6).  Laser flash photolysis (LFP) was used to generate radical 
species and was coupled with time resolved atomic resonance fluorescence (RF) 
spectroscopic detection of Cl or Br.  The experimental technique employed is described 
in detail in Chapter 2.  Most of the subject reactions were studied over a range of 
temperature and pressure towards the evaluation of kinetic and mechanistic information, 
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which has been used to assess the potential importance of the reactions in the atmosphere.  









All of the atom-molecule reactions discussed throughout this thesis were initiated 
by ultraviolet laser flash photolysis (LFP) of a particular radical precursor resulting in 
direct production of the desired free radical.  LFP was then coupled with time resolved 
resonance fluorescence (RF) spectroscopic detection of halogen atoms, (Cl and Br) and 
atom temporal profiles of the atomic species (either the radical reactant or a product) 
were monitored under pseudo first-order conditions with the concentrations of the 
reactant species (molecule) in large excess over that of the atomic reactant.  A flowing 
gas mixture consisting of a reactant gas, suitable photolytic precursor(s), and buffer gas 
(N2 or He) was passed through a reaction cell.    The LFP-RF apparatus and some general 
experimental methods employed in this work are discussed in detail below, while the 
experimental details specific to each study including preparation and measurement of the 
reagent chemicals are presented separately in the appropriate chapters devoted to 
individual studies.  
The LFP-RF technique has been employed in our laboratory in numerous studies 
of the kinetics of reactions involving halogen atoms [Bilde et al., 1997; Jefferson et al., 
1994; Nicovich et al., 1995; Nicovich et al., 1996; Nicovich et al., 2006; Piety et al., 
1998; Strekowski et al., 2004; Wine et al., 1985; Laine et al., 2011a; 2011b].  A 













Figure 2.1 Schematic diagram of the LFP–RF apparatus. PG: pulse 
generator; DDG: digital delay generator; A/D: amplifier/Discriminator; PMT: 
photomultiplier; FM: mass flow meter; PD/IF: photodetector/interference 
filter; MCS: multichannel scalar. The figure was generated by J. M. Nicovich 
and P. H. Wine of Georgia Institute of Technology and appears on p.146 of 
Finlayson Pitts and Pitts [2000]. 
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reaction cell, a photolysis laser, an atomic resonance lamp, a solar blind photomultiplier 
tube (PMT), and the appropriate detection electronics. 
Two different jacketed Pyrex reaction cells, both with internal volumes of 150 
cm
3
, were used in all LFP–RF experiments where T ≤ 436 K.  The second reaction cell is 
different from the one shown in Figure 2.1 in that it is specially designed to minimize the 
throughput path of resonance radiation; a diagram of this cell, which allows vacuum-UV 
Br fluorescence to be observable in the presence of significant concentrations of O2, is 
shown in Figure 2.2.  The jacketed cells were maintained at a constant temperature by 
circulating either ethylene glycol (for T > 298 K) or a 2:1 ethanol-methanol mixture (for 
T < 298 K) from a thermostated bath through the outer jacket.  Copper-constantan (Type 
T) or chromel-alumel (Type K) thermocouples were inserted into the reaction zone 
through a vacuum seal, allowing the measurement of gas temperature under the precise 
pressure and flow rate conditions of the experiment.  The temperature variation in the 
reaction zone, that is, the volume from which fluorescence could be detected, was less 
than ± 3 K at the temperature extremes of the studies. 
For all experiments at T > 436 K, an all pyrex reaction cell with an internal 
volume of approximately 200 cm
3
 was resistively heated by using electrically insulated 
nichrome wire windings wrapped around the outer surface.  The wire heaters were 
covered with ceramic felt and layers of stainless-steel radiation shields.  Air-cooled 
jackets on the arms of the reaction cell allowed the O-ring joints to be kept near 298 K.   
The temperature of the gas mixture inside the reaction zone was measured using a 













Figure 2.2 Diagram of the reaction cell specially designed to minimize the 
throughput path of resonance radiation.  The figure was taken from 
[Nicovich et al., 1990]. 
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between in the top and bottom of the reaction zone (~1.5cm) was approximately ± 3 K 
and was found not to be a significant source of uncertainty. 
Atomic species were produced by laser flash photolysis of suitable photolytic 
precursors.  Photolysis of Cl2CO at λ < 270 nm or photolysis of Cl2 at 300 nm < λ < 400 
nm is most commonly employed for generation of Cl atoms in laboratory studies.  The 
wavelengths employed in this study include 248 nm and 266 nm photolysis of Cl2CO or 
CF2Br2 and 355 nm photolysis of Cl2 or Br2.  Generally, Cl2CO is a friendlier photolyte 
for Cl atom generation than Cl2 because Cl2 reacts with the alkyl radicals produced by the 
hydrogen abstraction reactions between Cl and organic compounds, thus, regenerating Cl 
atoms.  The Cl kinetics can be influenced by these recycled Cl atoms.  We employed 
Cl2CO in the studies of Cl reactions with bromoethane, n-bromopropane, isoprene, and 
dimethyl selenide.  However, in the study of Cl + 1,2-dibromoethane, strong absorption 
of dibromoethane at λ < 300 nm precluded the use of Cl2CO, so Cl2 photolysis at 355 nm 
was used to generate Cl atoms.  Sufficient variations were conducted to ensure the kinetic 
data were not affected by secondary chemistry.   
Br atom chemistry was also investigated.  The most common method for Br atom 
production was CF2Br2 photolysis at 248 or 266 nm, however, Br2 photolysis at 355 nm 
was employed on some occasions, but Br2 presents problems similar to those associated 
with the use of Cl2 as mentioned above.   
An atomic resonance lamp, situated perpendicular to the photolysis laser, excited 
resonance fluorescence in the probed atoms.  The resonance lamp consisted of an 
electrodeless microwave discharge through about 1 Torr of a flowing mixture containing 
a trace of atom precursor (X2) in He, e.g., X = Cl or Br.  The flow of the X2 / He mixture 
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and pure He into the lamp were controlled by separate needle valves which allowed the 
total pressure and the X2 concentration to be independently adjusted for the optimum 
signal-to-noise ratio.  A commercial microwave generator (Opthos, MPG 4M) coupled to 
an Evenson cavity was used to excite a discharge in the lamp, which produced high 
energy atomic species that emit vacuum UV radiation at their atomic transition 
wavelengths, 135–140 nm for Cl atoms and 138 nm and 145-165 nm for Br atoms.  The 
low energy lines for Br (163 nm) allow us to detect these atoms in the presence of O2.  
This emission was coupled out of the lamp through an MgF2 window and into the 
reaction cell through an MgF2 lens.  In cases where Cl detection was employed, the 
region between the resonance lamp and the reaction cell was purged with N2 to minimize 
the absorption of vacuum UV resonance radiation by O2 and H2O.  In experiments where 
Br detection was employed, before entering the reaction cell the lamp output passed 
through a flowing gas filter containing 75−150 Torr-cm of methane. The methane filter 
prevented radiation at wavelengths shorter than 140 nm (including impurity emissions 
from excited oxygen, hydrogen, and nitrogen atoms) from entering the reaction cell but 
transmitted the strong bromine lines at λ > 140 nm.  The atoms in the reaction cell 
absorbed the radiation and relaxed to ground states by fluorescence, which was collected 
by a CaF2 lens and imaged onto the photocathode of a solar blind photomultiplier.  The 
CaF2 lens eliminated detection of emissions at wavelengths shorter than 125 nm (Lyman-
α emission, for example).  The region between the reaction cell and the photomultiplier 
was also purged with N2.  Fluorescence intensities were found to vary linearly with atom 
concentration up to levels several times higher than any employed in the kinetic 
experiments.  Signals were processed using photon counting techniques in conjunction 
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with multichannel scaling.  A preamplifier/discriminator (Advanced Research 
Instruments Corporation, F-100T) and an amplifier (California Avionics Laboratories, 
Inc.) were used to minimize background noise and optimize the photon counting signal to 
noise ratio.  The multichannel scaler sweep was triggered prior to the photolysis laser to 
allow a pre-flash baseline to be obtained.  For each experiment, signals from a large 
number of laser shots were averaged to obtain a temporal profile with adequate signal-to-
noise for quantitative kinetic analysis. 
It is worth noting that the resonance fluorescence detection scheme is sensitive to 
both ground state (
2
P3/2) and spin-orbit excited state (
2
P1/2) Cl and Br atoms. 
Approximately 0.5 Torr CO2 was added to each reaction mixture in order to rapidly 
deactivate any spin-orbit excited halogen atoms.  The fraction of excited Cl(
2
P1/2) 
produced by the ultraviolet photo-dissociation of phosgene is reported to be ~15% at 235 
nm [Maul et al., 1995].  Rate coefficients for quenching of Cl(
2
P1/2) by N2, Cl2CO, and 






), 5.0 × 10
-15 
[Tyndall et al., 1995],  
3.0 × 10
-10 
[Chichinin, 1993], and 9.0 x 10
-12
 [Chichinin, 1996] respectively.  For typical 




) and pressures employed in this 
study, equilibration of the spin-orbit states via collision with CO2, N2 and Cl2CO 
occurred on a time scale that was short compared to the time scale for chemical reactions 




).  The fraction of 
excited Br(
2
P1/2) produced by the ultraviolet photo-dissociation of CF2Br2 is reported to 
be ~45% at 265 nm [Park et al., 2001].  Rate coefficients for quenching of Br(
2
P1/2) by 






) (2.5 − 14) × 10
-15 
[Donovan 
and Husain, 1966; Johnson et al., 1996] and 1.5 × 10
-11 
[Peterson, et al. 1975], 
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respectively.  Equilibration of the spin-orbit states via collision with CO2 occurred on a 
time scale that was short compared to the time scale for chemical reactions ( > 8 × 10
−5
 s) 
under a majority of the experimental conditions employed.  The rapid deactivation of 
excited state halogen atoms avoided any problems associated with the difference in 
detection sensitivities for the two atomic halogen electronic states.  In addition, it can be 
safely assumed that all the data reported in this study were representative of an 
equilibrium mixture of halogen atom spin-orbit states.     
Gas Flow System 
 
All experiments were carried out under ―slow flow‖ conditions, with a linear flow 
rate (2-6 cm s
-1
) sufficient to replenish the reaction mixture between photolysis laser 
pulses.  The gases were introduced into the reaction cell from their respective containers 
(high pressure tanks or Pyrex bulbs) through Teflon or stainless steel tubing.  All gas 
flows were measured by calibrated mass flow meters (MKS Instruments, model 0258B) 
connected to a shut-off valve and a needle valve.  A capacitance manometer pressure 
gauge attached to the inlet port of the reaction cell provided the pressure measurement for 
the reaction cell.  After passing through the reaction cell and/or the downstream 
photometry cell, the gas flow was exhausted through a throttle valve by a mechanical 
pump.  A liquid nitrogen cold trap was used prior to the pump to remove toxic and 
corrosive gases in the flow as well as prevent the pump oil from diffusing back into the 
reaction cell. 
The reagent gases were flowed from Pyrex bulbs, and reagent gas concentrations 








x][                                                                                 (2-I) 
 
where Fx is the flow rate of the reagent gas, Ftotal is the flow rate of the total gas, χ is the 
mole fraction of the reagent gas in the bulb (refer to 2-II), P is pressure (Torr), T is 







Bulb Concentration Determination 
 
The mole fraction of a reagent gas in its storage bulb was measured by 
photometry methods at 298 K in a high vacuum gas handling system.  A fraction of the 
bulb mixture was introduced into a vacuum sealed cylindrical Pyrex cell (35 − 200 cm 
long) with the pressure measured by capacitance manometers (0–1000 Torr and 0–10 
Torr).  A penray lamp was used as the light source and a photo-multiplier tube (PMT) 
with an interference band pass filter mounted in front of the PMT photocathode was used 
as the detector, or in some instances, a SPEX 1681 0.22 m monochromator was used in 
place of a band pass filter.  The PMT current output was monitored by a digital 
picoammeter.  The mole fraction of the absorbing gas was determined by recording the 










  .                                                               (2-II) 
 
In equation (2-II) I0 is the initial current (no absorbing gas in the cell), I is the measured 





), l is the path length of the absorption cell (cm), P is pressure (Torr), T 






).  The 
bulb fraction of a reagent gas was usually measured multiple times during the course of 
the experiments; the agreement of different measurements was very good (<5%). 
Absorption Cross-section Measurements 
 
Accurate absorption cross-sections have been obtained during the course of the 
experiments in an effort to increase the confidence of the concentration measurements.  
The absorption cross-section measurements were conducted in the same gas handling 
system as the bulb fraction measurements.  The pure reagent sample, usually a liquid, 
was transferred to a vial fitted with a high-vacuum stopcock and introduced into a 
vacuum sealed cylindrical Pyrex absorption cell that was 1 inch (2.54 cm) in length.  The 
pressure was measured by capacitance manometers (0–1000 Torr and 0–10 Torr).  An 
appropriate Penray
®
 lamp (213.9 nm (Zn), 228.8 nm (Cd), 254 nm (Hg)) was placed at 
one side of the absorption cell as the light source and a PMT with a corresponding 
interference band pass filter or monochromator mounted in front of the PMT 
photocathode was placed at the other side as the detector.  The absorption cross-section 
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where I0 is the initial current (no absorbing gas in the cell), I is the measured current, l is 
the path length of the absorption cell (2.54 cm), P is pressure (Torr), T is temperature (K), 
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).  In order to ensure that 
sample photolysis did not affect cross section measurements the following steps were 
taken (i) numerous absorption measurements were taken for each sample over a wide 
range of pressures and (ii) the light source was blocked at times when readings were not 
taken.  No dependence on the cross section was observed with either time or with 





KINETIC AND MECHANISTIC STUDY OF THE REACTIONS 
OF ATOMIC CHLORINE WITH BROMOETHANE, 1-




Halogenated alkanes are present in the atmosphere as a result of both natural and 
anthropogenic processes.  The bromoalkanes (R-Br) ethyl bromide (CH3CH2Br), n-
propylbromide (CH3CH2CH2Br), and 1,2-dibromoethane (CH2BrCH2Br) are emitted into 
the atmosphere primarily from anthropogenic sources [Brasseur et al., 1999] and all three 
have been identified in a recent World Meteorological Organization (WMO) report as 
very short-lived (lifetime less than 6 months) source gases with significant ozone 
depletion potentials (ODPs) [Law et al., 2006].  Brominated very short-lived compounds 
are thought to contribute 20-25% of total stratospheric bromine [Law et al., 2006].  
Although stratospheric levels of bromine are considerably lower than levels of chlorine, 
ODPs for organic bromine compounds are much higher than for analogous organic 
chlorine compounds. Hence, there is considerable interest in understanding the 
atmospheric chemistry of even relatively short-lived organic bromine compounds. The 
brominated alkanes investigated herein (CH3CH2Br, CH3CH2CH2Br, CH2Br-CH2Br) are 
also of interest as model compounds for larger partially halogenated organics found in the 
atmosphere, and they have been considered as potential replacement compounds for 
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chlorofluorocarbons (CFCs) that have been banned as a result of the Montreal Protocol 
[Wuebbles et al., 1998].  
The primary tropospheric sink for most alkyl bromides including the three of 
interest in this study is widely accepted to be reaction with OH radicals [Brioude et al., 
2010].  It has been reported that levels of Cl atoms in the marine boundary layer can be 1-
10% of OH levels [Wingenter et al., 2005], and recent findings suggest a significant Cl 
production rate even in the middle of the continental United States.[Thornton et al., 2010] 
Recent laboratory and theoretical research demonstrates that heterogeneous reaction of 
N2O5 with HCl may represent a significant source of tropospheric ClNOx species that can 
rapidly photolyze under daytime conditions to generate Cl atoms [Raff et al., 2009].  
Hence, it appears that Cl + R-Br reactions could be significant tropospheric sinks for R-
Br in cases where the Cl + R-Br reaction is considerably faster than the corresponding 
OH + R-Br reaction.  
In this study, the kinetics of Cl reactions with the three alkyl bromides of interest 
are investigated as a function of temperature and pressure. 
 
   Cl + CH3CH2Br   →   products                       (3.1) 
   Cl + CH3CH2H2Br   →   products                     (3.2) 
   Cl + CH2BrCH2Br   →   products                     (3.3) 
 
Rate coefficients for reactions of OH with the above alkyl bromides are reasonably well 
established over the relevant atmospheric temperature regime [Sander et al., 2011; 
Howard et al., 1976; Xing et al., 1992; Qiu et al., 1992; Donaghy et al., 1993; Teton et 
al., 1996; Nelson et al., 1997; Herndon et al., 2001; Gilles et al., 2002; Kozlov et al., 
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2003].  However, there is very little published data for the corresponding Cl reactions. 
One room-temperature competitive kinetics study has been reported for reactions 1 and 2, 
[Donaghy et al., 1993] and one product study for reaction 1 at T = 226-298 K in 1 atm air 
has also been reported.[Orlando et al., 2002]  The limited available data suggest that 
reactions 1 and 2 are substantially faster at room temperature than their corresponding 
OH reactions. In addition to the experimental results cited above, computational studies 
are reported that address the kinetics of OH + CH2BrCH2Br,[Cohen and Benson, 1987] 
the mechanism of Cl + CH3CH2CH2Br,[Rosado-Reyes et al., 2008] and the OH-initiated 
oxidations of all three R-Br compounds of interest.[Rosado-Reyes et al., 2008; Martinez-
Aviles et al., 2007; Martinez-Aviles et al., 2008a; 2008b; Christiansen and Fransisco, 
2009]  
  In this study, we employ monitoring of Br appearance temporal profiles to obtain 
kinetic information as well as some product branching information for the title reactions. 
Our study represents the first temperature-dependent kinetics study of Cl reactions with 
the alkyl bromides of interest. Temperature-dependent rate coefficients and Br yields, 
which provide information about branching ratios for H abstraction at the β position, are 
reported. The potential importance of reaction with Cl as an atmospheric degradation 
pathway for the R−Br compounds of interest is qualitatively assessed.   
Experimental Details 
 
The experimental approach involves production of Cl by laser flash photolysis 
(LFP) of suitable precursors in conjunction with time-resolved monitoring of Br atom 
appearance by atomic resonance fluorescence (RF) spectroscopy.  The descriptions of the 
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apparatus and the technique can be found in Chapter 2 and only details particular to the 
studies of Cl + R-Br reactions are discussed below. 
Chlorine atoms were produced by the following methods 
 
Cl2CO + hν (266 nm)   →   2Cl + CO                  (3.4) 
Cl2 + hν (355 nm)   →   2Cl     (3.5)                 
 
Reactions (3.1) and (3.2) were studied using 266 nm photolysis of Cl2CO/R-Br/N2 
mixtures. Both CH3CH2Br and CH3CH2CH2Br are transparent at 266 nm, whereas 







[Uthman et al., 1978].  As a result, reaction (3.3) was studied using 355 nm photolysis of 
Cl2 as the chlorine atom source.  Fourth harmonic radiation from a Quanta Ray model 
DCR-3 Nd:YAG laser served as the 266 nm light source, and third harmonic radiation 
from the same laser served as the 355 nm light source.  The maximum repetition rate was 




were 3-12 at 266 nm and 15-40 at 355 nm.  Chlorine atom concentrations produced by 





The alkyl bromides, Br2, and photolytes flowed into the reaction cell from 12 L 
bulbs containing dilute mixtures in nitrogen while CO2, helium, and additional nitrogen 
flowed directly from their storage cylinders. The fraction of R-Br in each R-Br/N2 
mixture was checked frequently by UV photometry at 213.9 nm (Zn Penray
®
 lamp). 
Absorption cross sections used to convert measured absorbances to concentrations were 






, they were found to be 
21.0 for CH2Br-CH2Br (21.035), 4.93 for CH3CH2CH2Br (5.017), and 4.08 for 
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CH3CH2Br (4.5036), where the numbers in parentheses are literature values for the cross 
sections. Our reported 213.9 nm cross sections are in excellent agreement with the 
literature values forCH2BrCH2Br [Zhang et al., 1990] and CH3CH2CH2Br [Kozlov et al., 
2003].  Our measured CH3CH2Br cross section, however, is ~10% lower than the value 
extracted from a published low-resolution undigitized spectrum [Meller et al., 1991].  As 
mentioned above, we used our measured cross sections (in conjunction with absorbance, 
pressure, and temperature measurements) to evaluate the mole fraction of each alkyl 
bromide in each storage bulb.  
The gases and liquids used in this study had the following stated minimum 
purities: N2 (UHP, 99.999%), He (UHP, 99.999%), CO2 (Instrument grade, 99.99%), Cl2 
(Research grade, 99.999%), Cl2CO (99.0%), Br2 (99.5þ%), CH3CH2Br (99.0%), 
CH3CH2CH2Br (99.0%), and CH2BrCH2Br (99.0%). All R-Br samples were obtained 
from Sigma Aldrich. For Cl2, Cl2CO, and CO2, the stated purity refers to the liquid phase 
in the high-pressure gas cylinder. For the alkyl bromides, stated purity refers to liquid 
samples. The gases N2, He, CO2, and Cl2CO were used as supplied, while the alkyl 
bromides and Br2 were degassed repeatedly at 77 K and then stored in pyrex vials fitted 
with high vacuum stopcocks.  Photometric measurements at 405 nm (Hg Penray
®
 lamp 
light source) showed the mole fraction of Br2 in the R-Br samples to be less than 5 × 10
-5
 
in all cases. 
Results and Discussion: Kinetics 
 
All experiments were carried out under pseudo-first order conditions with [R-Br] >> 
[Cl]0. Bimolecular rate coefficients, ki(T,P) (i = 3.1-3.3), were determined by measuring 
pseudo first-order Br appearance rates as a function of R-Br concentration.  Atomic Br is 
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generated via rapid elimination of Br from the radical produced when Cl abstracts 
hydrogen at the β position. At the temperatures and pressures employed in this study, the 
CH2CH2Br product of reaction 3.1, the CH3CHCH2Br product of reaction 3.2, and the 
only possible H-abstraction product of reaction 3.3 all eliminate Br rapidly enough that 
the rate-limiting step in Br generation is the Cl + R-Br reaction; evidence from the 
literature that supports this conclusion is discussed below. 
Experiments were performed over a wide range of temperatures (221-569 K) and 
at total pressures ranging from 25 to 100 Torr N2. The fate of Cl atoms is controlled by 
reaction with R-Br, loss by reaction with background impurities, and loss by diffusion 
from the detector field of view. 
 
Cl   →   Reaction with background impurities and/or 
              loss by diffusion from the detector field of view.                         (3.6) 
 
             





.  The 0.5 Torr CO2 added to deactivate Br(
2
P1/2) also effectively deactivates 
Cl(
2
P1/2); the rate coefficient for collisional deactivation of Cl(
2
P1/2) by CO2 is known to 








 [Sotnichenko et al., 1988; Matsumi et al., 1997; 
Chichinin, 1996].  Therefore, it can be safely assumed that all the data reported in this 
study are representative of equilibrium mixtures of Cl and Br spin-orbit states.   
The temporal profile of Br fluorescence following the laser flash can be well 
described by the following expression 
 




In eq 3-I, St is the fluorescence signal at time t after the laser flash, S0 is the signal at time 
zero, i.e., immediately after the flash, ka represents the pseudo-first-order rate coefficient 
for Br appearance (which is equal to the pseudo-first-order rate coefficient for Cl 
disappearance), kd is the rate coefficient for Br decay (assumed to be first order), A 
represents the magnitude of the Br signal that would be obtained from the Cl + R-Br 
reaction if there were no competing losses of Br, and B represents the Br signal generated 
at t = 0 via photolysis of R-Br. Equation 3-I is the standard textbook integrated rate 
equation describing the time evolution of the intermediate in consecutive first order 
reactions [Pilling and Seakins, 2005] except for the last term, which arises when the 
concentration of the intermediate (Br) is not zero at time zero. For reactions 3.1 and 3.2, 
where there are parallel pathways only one of which leads to Br formation, the parameter 
A is proportional not only to [Cl]0 but also to the ratio kia/ki (i = 3.1 or 3.2),where kia is 
the rate coefficient for the β-H abstraction channel that results in rapid elimination of Br. 
Each observed Br temporal profile was fit to the double exponential eq 3-I using a 
nonlinear least-squares method to obtain values for ka, kd, A, and B. The first-order decay 
rate coefficient kd is found to be much smaller than the first-order appearance rate 
coefficient ka in all experiments; hence, the assumption that kd is first order, while not 
strictly correct, does not compromise the accuracy of the analysis for obtaining ka and A, 
the fit parameters of primary interest. The value of the parameter B in eq 3-I was only a 
few percent of the value of A in all cases, except in preliminary experiments where 266 
nm photolysis of Cl2CO was employed to study reaction 3.3. In that case the value of B 
was as large as 50-60% of the value of A due to CH2BrCH2Br photolysis. For this reason, 
all reported data for reaction 3.3 were obtained employing 355 nm LFP of Cl2 as the 
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atomic chlorine source. Reaction mixtures used to study reaction 3 contained (2.2-11) × 
10
13
 Cl2 per cm
3
.   
Measured Br pseudo-first-order appearance rates, ka, were found to increase 
linearly as a function of [R-Br], ranging from 1500 to 12 800 s
-1
 over the range of [R-Br] 
employed. No systematic trend in obtained kinetic parameters was observed as a result of 
variations in [Cl2CO], [Cl]0, laser fluence, or laser repetition rate.  Typical Br appearance 
temporal profiles observed as a function of [CH3CH2CH2Br] concentration are shown in 
Figure 3.1.  As mentioned above, each bimolecular rate coefficient, ki(T,P) (i = 3.1-3.3), 
was obtained from the variation of ka with [R-Br].  Figure 3.2 shows plots of ka vs 
[CH3CH2Br] at three temperatures. As expected, when reactivity is dominated by 
hydrogen abstraction, rate coefficients for reactions (3.1) and (3.3) are found to be 
independent of pressure (see Tables 3.1 and 3.3). Rate coefficients for reaction 3.2 are 
presumably also independent of pressure, although in this case all data were collected at a 


























Figure 3.1    Appearance temporal profiles observed following LFP of 
Cl2CO/CH3CH2CH2Br/N2 mixtures. T = 296 K and P = 50 Torr. 




: [Cl2CO] = 9260; [Cl]0 = 7; 
[CH3CH2-CH2Br] = (a) 2230, (b) 1110, (c) 419. Solid lines are obtained 
from nonlinear least-squares fits to eq 3-I, which give the following best-fit 
parameters: ka(s
-1
) = (a) 12 500, (b) 6270, and (c) 2320; kd(s
-1
) = (a) 74, (b) 
55, (c) 61; A = (a) 1980, (b) 2230, (c) 2130; B = (a) 39, (b) 67, (c) 97. To 
optimize the quality of the information presented, traces a and b are offset 
upward by 1000 and 2000 counts, respectively, and only data obtained in the 
first 1.6 ms after the laser flash are shown. Data were actually collected for 
2000 channels with the multichannel scalar dwell time set at (a) 2, (b) 5, and 

















Figure 3.2      Plots of ka vs [CH3CH2Br] for data obtained at P = 50 
Torr over a range of T. Solid lines are obtained from linear least-squares 









: 7.34 ± 0.64 at 221 K, 10.8 ± 1.1 at 296 K, and 15.4 ± 





Kinetic data for reactions (3.1-3.3) are summarized in Tables 3.1-3.3, and plots of ln ki vs 
1/T for all three reactions, along with previously reported 298 K rate coefficients, are 
shown in Figure 3.3.  The following Arrhenius expressions are obtained from linear least-









k3.1(T)  =   (3.73 ± 0.50) x 10
−11
 exp[(−378 ± 44) / T]   (221 K ≤ T ≤ 435 K) 
k3.2(T)  =  (5.14 ± 0.78) x 10
−11
exp[(21 ± 42) / T]   (221 K ≤ T ≤ 436 K) 
 
Uncertainties in the above expressions are 2σ, precision only, and represent the 
uncertainties of the Arrhenius parameters; these uncertainties cannot be used in a 
straightforward way to obtain uncertainties in reported rate coefficients, which are 
discussed below. The observed temperature dependence for reaction 3.2 is so weak that 









also an adequate representation of the data. While the temperature dependences observed 
for reactions (3.1 and 3.2) are well described by Arrhenius expressions, the plot of ln k3.3 
vs 1/T shows significant curvature. The data for reaction 3.3 have been fit to a modified 







temperature range is 244-569 K) 




 exp[(−184 ± 52)/T 
In the above expression, the T exponent is fixed at 2; however, if this exponent is treated 
as an adjustable parameter, the bestfit value retrieved from the analysis is very close to 2, 
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i.e., 2.004.  Uncertainties in the above expression for k3.3(T) are 2σ and represent 
precision only. 
 
Table 3.1. Summary of Kinetic Data for the Cl + CH3CH2Br Reaction
a 
__________________________________________________________________________________________________________________ 
T  P  N
b




221  50  7  6500   5  13700    10300          7.34 ±0.65 
250  50  7  6500   5  12000    9950            8.01±0.40 
296  25  10  9500   7  10100    10100          9.99±0.26 
296  50  7  9000   6  8340    8910            10.8±1.1 
296  100  6  4000-9500  2-6  9960    10200          9.80±0.68 
360  50  8  8200   5  8500    11100          13.6±0.5 
435  50  7  5600   4  7100    11400        15.4±0.9 
_____________________________________________________________________________ 
a

















no. of experiments = no. of Br temporal profiles measured. 
c




















221  8  7000-8500  5  2250    12800   54.9±1.1 
243  7  11000   7  1680    9700   58.1±2.5 
296  7  9000   6  2280    12 700              56.6±1.0 
358  8  5500-8000  4-6  1810    9560   52.0±1.2 
436  7  3900   3  1360    7520   55.1±1.4 
___________________________________________________________________________ 
a
















 The pressure 
was 50 Torr in all experiments. 
c
N= no.of experiments = no. of Br temporal profiles measured. 
d
 
Uncertainties are precision only. 
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Table 3.3. Summary of Kinetic Data for the Cl + CH2BrCH2Br Reaction
a 
_______________________________________________________________________________________________________________ 
T  P  N
b
  [Cl2]  [Cl]0  [CH2Br-CH2Br]max  k′max   k3.3 ± 2σ
c 
____________________________________________________________________________ 
244  50  5  490  7  10 700              1050   0.855±0.040 
260  50  5  490  6  33 100    3390   0.966±0.075 
296  50  5  360  4  27 400    3720   1.28±0.08 
296  50  5  1100  10  29 600    4380   1.43±0.07 
296  100  5  370  5  29 600    4100   1.29±0.08 
296  50  5  240  6  29 600    4140   1.38±0.23 
296  25  5  410  4  27500    3960   1.31±0.16 
296  50  9  400  2-16  29 500    4500   1.37±0.15 
355  50  5  360  4  26 400    5400   1.96±0.17 
420  50  5  370  4  21 500    6370   2.80±0.18 
442  50  5  260  3  16 900    6570   3.73±0.35 
512  50  5  380  5  16 100    7670   4.67±0.27 
525  50  5  220  3  13 900    7800   5.56±0.18 
529  50  4  610  3  17 700    9630   5.31±0.34 
533  50  3  260  4  7440    4860   6.47±0.54 
569  50  5  360  4  6040    4210   6.28±0.30 
___________________________________________________________________________ 
a
















N = no. 
of experiments = no. of Br temporal profiles measured. 
c


























Figure 3.3  Arrhenius plots for Cl reactions with CH3CH2Br, 
CH3CH2CH2Br, and CH2BrCH2Br. Solid lines are obtained from least-
squares analyses which give the expressions reported in the text.  Filled data 
points are values for 298 K rate coefficients reported in Donaghy et al. [1993]. 
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Results and Discussion: Br Yields 
Br Atom Yields (Branching Ratios for β-Hydrogen Abstraction) 
By comparing product Br signal strengths with those obtained when Cl removal is 
dominated by reaction with Br2 (where the Br yield is known to be unity), 
temperaturedependent branching ratios for abstraction of the β-hydrogen are obtained for 
reactions (3.1 and 3.2). 
Cl + Br2  →  Br + BrCl        (3.7) 
Yields were determined by comparison of the magnitude of the Br signal resulting from 
the Cl + R-Br reaction with the magnitude of the signal resulting from the Cl + Br2 
reaction.  One critical step in obtaining accurate yield data is construction of calibration 
curves that correct for absorption of resonance radiation by R-Br and Br2. The method for 
obtaining the calibration curves consisted of photolyzing CF2Br2 at 266 nm to generate a 
readily reproducible [Br]0.  Signal levels were then obtained as a function of [R-Br] (or 
[Br2]), and plots of signal/[Br]0 vs [R-Br] (or [Br2]) were constructed covering the range 
of [R-Br] (or [Br2]) used in the yield experiments. As expected, the signal strength fell 
exponentially as a function of [R-Br] (or [Br2]). The data obtained as described above 
allow evaluation of the signal strength that would be observed in the limit of zero [R-Br] 
(or [Br2]); comparison of such signal strengths in the limits where (i) essentially all Cl 
reacts with R-Br and (ii) essentially all Cl reacts with Br2 allows the Br yield from Cl + 
R-Br to be evaluated.  At the concentration levels employed in the yield measurements, 
signal attenuation was negligible for Br2 and CH3CH2CH2Br but was significant for 
CH3CH2Br. 
  Br yields were obtained from multiple ―back to back‖ experiments where the 
order in which the Cl + R-Br and Cl + Br2 reactions were carried out was varied in order 
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to minimize the likelihood of systematic errors. Experiments employed photolysis 
mixtures containing 25-100 Torr N2, 0.5 Torr CO2, Cl2CO (~90), and either CH3CH2Br 
(42-140), CH3CH2CH2Br (9.7-24), or Br2 (1.7-6.8); numbers in parentheses are 




.  Typical back-to-back temporal profiles 
obtained with Cl consumption dominated by (i) Br2 and (ii) CH3CH2CH2Br are shown in 
Figure 4. Since signal corrections are negligible for both Br2 and CH3CH2CH2Br, the 
yield is obtained directly from the ratio ACH3CH2CH2Br/ABr2, where the parameter A is 
defined in eq 3-I.  Yield data for reactions (3.1 and 3.2) are summarized in Table 3.4, and 
Arrhenius-type plots of ln yield vs 1/T are shown in Figure 3.5. 
On the time scale of our LFP experiments, reactions (3.1-3.3) are expected to 
result in Br atom formation only following abstraction of a hydrogen atom from a carbon 
adjacent to one containing a bromine atom, i.e., following abstraction of a β-hydrogen. 
 
Cl + CH3CH2Br   →  HCl + [•CH2CH2Br] 
→  HCl + CH2=CH2 + Br      (3.1a) 
→  HCl + CH3C• HBr      (3.1b) 
Cl + CH3CH2CH2Br  →  HCl + [CH3C• HCH2Br]      
→ HCl + CH3CH=CH2 + Br      (3.2a) 
→ HCl + CH3CH2C• HBr     (3.2b) 
→ HCl + C• H2CH2CH2Br     (3.2c) 
Cl + CH2BrCH2Br  → HCl + [C• HBrCH2Br] 




















Figure 3.4  Typical Br appearance temporal profiles observed in 
experiments designed to measure k3.2a/k3.2. T = 296 K and P = 50 Torr. 




: [Cl2CO] = 9030; [Cl]0 = 7; 
[CH3CH2CH2Br] = 1650; [Br2] = 317. Solid lines are obtained from nonlinear 
least-squares fits to eq 3-I, which give the following best-fit parameters. For Cl 
+ Br2: ka = 8050 s
-1
, kd = 7 s
-1
, A = 2900, B = 55. For Cl + CH3CH2CH2Br: ka = 
9380 s
-1
, kd = 57 s
-1
, A = 2110, B = 35. 
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   [R-Br]
a
   SCF
b
   T(K)   N
c




R-Br = CH3CH2Br (3.1) 
4.25-4.80  110-140  1.22-1.30  221   4  0.33 ±0.05 
3.60-3.96  98-120   1.18-1.25  250   4  0.29 ± 0.03 
2.85-6.75  58-100   1.10-1.29  296   6  0.41 ± 0.08 
2.60-3.60  50-80   1.14-1.30  360   4  0.45 ± 0.06 
2.95-3.85  42-55   1.17-1.20  435   4  0.50 ± 0.08 
__________________________________________________________________ 
R-Br = CH3CH2CH2Br (3.2) 
2.50-4.50  13.0-22.0  1.00   221   4  0.91 ± 0.11 
2.92-4.82  16.8-24.0  1.00   243   4  0.85 ± 0.08 
3.15-3.91  16.5-22.5  1.00   296  4  0.77 ± 0.06 
2.40-3.24  13.0-18.0  1.00   358  4  0.64 ± 0.10 
1.74-2.71  9.7-13.5  1.00   436  4 0.62 ± 0.12 
_____________________________________________________________________________ 
a






SCF = Signal correction factor that accounts for loss of RF 
signal due to absorption of resonance radiation by the R-Br reactant. 
c
N = no. of experiments 
where one experiment represents back-to-back measurements of Br temporal profiles with (i) 
virtually all Cl consumed by reaction with Br2 and (ii) virtually all Cl consumed by reaction with R-
Br. 
d


























Figure 3.5      Arrhenius-type plots of Br yield (= kia/ki, i = 3.1, 3.2) vs 
1/T. Solid lines are obtained from linear least-squares analyses which yield 
the Arrhenius-type expressions reported in the text. Error bars are 2σ, 
precision only.  
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Over the range of temperatures and pressures employed in this study, the radical 
species shown in brackets in reactions (3.1a, 3.2a, and 3.3) above are expected to 
dissociate essentially instantaneously on the experimental time scale. Bond dissociation 
enthalpies at 298 K for CH2CH2Br and CH3CHCH2Br are reported in the literature to be 
29± 4 [Bedjanian et al., 1999; Ferrell, 1998] and 32 ± 6 kJ/mol
 
[Bedjanian et al., 1998], 
respectively. No experimental data appear to be available for the bond dissociation 
enthalpy of CHBrCH2Br, but the presence of the electron-withdrawing Br atom on the 
olefin product of dissociation suggests that this radical will be less strongly bound than 
CH2CH2Br. Ferrell measured the rate coefficient (kuni) for unimolecular decomposition of 
CH2CH2Br over the temperature range 163-184 K in 20 Torr N2, and the following 





 [Ferrell, 1998].  Extrapolation of Ferrell‘s Arrhenius expression to 221 K, the lowest 
temperature employed to acquire kinetic data in this study, suggests that kuni(221 K, 20 




.  On the basis of analysis of competitive kinetics experiments in 700-
760 Torr N2 + O2 over the temperature range 226-298 K, along with an assumed 








 for the CH2CH2Br + O2 





[Orlando and Tyndall, 2002]. Extrapolation of Orlando and Tyndall‘s 





Comparison of the literature values for kuni with our measured Br pseudo-first-order 
appearance rates (see Tables 3.1-3.3) leads to the conclusion that the rate-limiting step in 
the formation of Br is the Cl + R-Br reaction under all experimental conditions employed 
in this study. 
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As mentioned above, ArrheniusArrhenius-type plots of ln (Br yield) vs 1/T are 
shown in Figure 3-5, where the Br yield can be equated to the branching ratio for β-
hydrogen abstraction, which is equal to 1.00 for reaction (3.3) and equal to kia/ki (i = 3.1, 
3.2). The solid lines in Figure 3.5 are obtained from least-squares analyses which yield 
the following expressions: 
 
k3.1a  /  k3.1 =  (0.85 ± 0.28) exp[(−230 ± 102)/T] 
k3.2a  /  k3.2  =  (0.40 ± 0.05) exp[(181 ± 34)/T] 
 
Uncertainties in the above expressions are 2σ, precision only, and represent the 
uncertainties of the Arrhenius-type parameters; these uncertainties cannot be used in a 
straightforward way to obtain uncertainties in reported yields, which are discussed below. 
The Br yield results demonstrate that k3.1a/k3.1 increases with increasing 
temperature while k3.2a/k3.2 decreases with increasing temperature. This result makes 
sense when one considers that it is one of the most strongly bound hydrogen atoms that 
must be abstracted to generate Br atoms from reaction (3.1) whereas it is one of the least 
strongly bound hydrogen atoms that must be abstracted to generate Br atoms from 
reaction (3.2). For example, recent electronic structure calculations at the CCSD(T)/6-
311++G(2df,2p) level of theory obtain 0 K enthalpy changes for reactions (3.2a, 3.2b, 
and 3.2c) of −25, −14, and −4 kJ/mol, respectively [Rosado-Reyes et al., 2008].  The least 
exothermic pathway (3.2c) is the only one for which a positive energy barrier along the 
reaction coordinate is predicted [ Rosado-Reyes et al., 2008]. 




Interference from secondary chemistry is insignificant in this study. The employed atom 




 in nearly all experiments) that 
contributions from radical-radical side reactions cannot exert a significant influence on 
measured values for the parameters of primary interest, ka and A. Ultra-high-purity N2 
was used as the bath gas, and while background Cl loss rates were not measured directly, 
the intercepts of all ka vs [R-Br] plots were within ± 2σ of the expected value for k3.6 (~ 
100 s
-1
). One major potential systematic uncertainty lies in the determination of the R-Br 
concentration in the reaction mixture; we estimate this uncertainty to be ± 10% with little 
dependence on temperature, pressure, or the identity of R-Br. Since the precision of all 
measured rate coefficients is good (2σ ≤ 10%), we conservatively estimate the accuracy 
of each reported bimolecular rate coefficient to be ± 15% (2σ) as long as reactions with 
impurities in the R-Br sample can be ruled out as a source of systematic error. 
Unfortunately, since numerous possible alkane, alkene, haloalkane, and haloalkene 
impurities react rapidly with atomic chlorine, only for the very fast reaction (3.2) is it 
clear that impurity reactions are of negligible importance.  For the moderately fast 
reaction (3.1), impurity reactions could result in measured values for k3.1(T) being faster 
than the true value, though probably not by more than about 20%. To accommodate this 
possibility, we report the asymmetric error limits (2σ) +15/−25% for reaction (3.1). For 
the relatively slow reaction (3.3), significant contribution to observed kinetics from 
impurity reactions is possible. Hence, we feel that our measured values for k3.3 plus 15% 
should be considered upper limits for k3.3(T), i.e. 
 







Even though only upper limit values for k3.3(T) can be reported with confidence, it will be 
shown in at the end of this chapter that the obtained upper limits are significant with 
regard to assessing the potential role of reaction (3.3) in tropospheric chemistry. 
 The precision of reported branching ratios kia/ki (i = 3.1, 3.2) is not as good as that 
of the ki(T) values. Examination of the results reported in Table 3.4 show that 2σ 
precision uncertainties in measured branching ratios vary over the range 8-19%. For 
reaction (3.1), additional sources of uncertainty arise from (i) the need to correct the 
signal for absorption of resonance radiation by the CH3CH2Br reactant and (ii) the 
potential effect of minor but not completely negligible impurity reactions on the 
measured yields. Allowing for additional poorly characterized sources of systematic 
error, we feel that a reasonable estimate of the accuracy of the reported Br yields (2σ) is ± 
35% for reaction 3.1 and ± 25% for reaction 3.2. 
Literature Comparison  
 
To our knowledge, there are no kinetics studies of reaction (3.3) and no temperature-
dependent kinetics studies of any of the reactions (3.1-3.3) reported in the literature. The 
only published kinetics study of reactions (3.1 and 3.2) is the 298 K relative rate study of 
Donaghy et al. [Donaghy et al., 1993], where k3.1 and k3.2 were measured relative to an 








 for the Cl + ethane reference 









, is based on nine independent determinations that all report 








 [Sander et al., 2011].  Scaling 
the reported rate coefficients of Donaghy et al. downward by the factor 5.7/6.2 gives the 








: k3.1 = 1.28 ± 0.37 
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and k3.2 = 5.6 ± 1.7; these values agree within combined uncertainties with the values k3.1 
= 1.04 (+ 0.16 / −0.26) and k3.2 = 5.47 ± 0.82 obtained from the Arrhenius expressions 
and error analyses reported in this study.  It is worth noting that the technique employed 
by Donaghy et al., while potentially subject to interferences from secondary consumption 
of R-Br or ethane, is not subject to systematic errors that could result from the presence 
of reactive impurities in the R-Br sample. Hence, the fact that our measured room-
temperature value for k3.1 is more than 20% lower than the value reported by Donaghy et 
al. is at least suggestive that impurity reactions are not a significant source of systematic 
error in our study of reaction (3.1). 
Orlando and Tyndall observed products of reaction (3.1) in a chamber study 
[Orlando and Tyndall, 2002]; yields of CH2=CH2, presumably formed via reaction (3.1a), 
were measured as a function of [O2]. Comparison of our measured yields with those 
reported by Orlando and Tyndall in the limit of zero [O2] shows excellent agreement for 
the temperature dependence of k3.1a/k3.1 and reasonable agreement for the magnitude of 
k3.1a/k3.1. On the basis of our reported Arrhenius-type expressions and estimates of 
accuracy, we report k3.1a/k3.1 values that drop from 0.39 ± 0.14 at 298 K to 0.34 ± 0.12 at 
250 K. Orlando and Tyndall report CH2=CH2 yields (at zero [O2]) that drop from 0.29 at 
298 K to 0.23 at 250 K (error limits are not reported).  It is worth noting that the yields 
we report represent the ratio of Br formed to Cl lost under conditions where essentially 
all Cl is consumed by CH3CH2Br, whereas the yields reported by Orlando and Tyndall 
represent the ratio of CH2=CH2 formed to CH3CH2Br lost under conditions where 
essentially all CH3CH2Br is consumed by Cl. 
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Computational studies have been reported by Francisco and co-workers that 
address the OH-initiated atmospheric oxidation pathways for all three alkyl bromides of 
interest in this study [Rosado-Reyes et al., 2008; Martinez-Aviles et al., 2007; Martinez-
Aviles et al., 2008a; 2008b; Christiansen and Fransisco, 2009].  One of the 
computational studies also addresses the thermochemistry and kinetics of reaction 3.2 
[Rosado-Reyes et al., 2008].  As mentioned earlier, Francisco and co-workers find that 
channel (3.2a) is the most energetically favorable (exothermic by 25 kJmol
-1
) while 
channel (3.2c) is the least energetically favorable (exothermic by 4 kJ mol
-1
), and they 
also find that only channel (3.2c) has a positive energy barrier (~ 2 kJ mol
-1
) along the 
reaction coordinate. They conclude that reaction (3.2) ―should proceed via the abstraction 
of R and β hydrogen atoms,‖ i.e., via channels (3.2b and 3.2a). The results reported in 
this study suggest that at temperatures of interest for atmospheric chemistry, i.e., T < 310 
K, k3.2a/k3.2 > 0.7. Hence, our results are consistent with the theoretical predictions of 
Francisco and co-workers. 
Implications for Atmospheric Chemistry 
 
The ODPs of alkyl bromides depend strongly on their tropospheric lifetimes. It is 
widely assumed that chemical loss of CH3CH2Br, CH3CH2CH2Br, and CH2BrCH2Br in 
the troposphere is dominated by their reactions with the OH radical. Brioude et al. 
employed a sophisticated modeling scheme to evaluate the yearly averaged global 
lifetimes of CH3CH2Br and CH3CH2CH2Br following emission into the atmosphere from 
four different terrestrial regions: Europe, midlatitude North America, East Asia, and the 
Indian subcontinent [Brioude et al., 2010].  Lifetimes of CH3CH2Br ranged from 40 to 66 
days, while lifetimes of CH3CH2CH2Br ranged from 11 to 27 days. For both alkyl 
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bromides, the shortest lifetime was for emission from the Indian subcontinent and the 
longest lifetimewas for emission from Europe.  Chemical removal by reaction with OH 
and by photolysis was considered in the Brioude et al. analysis, but chemical loss by 
reaction with Cl atoms was not considered; reaction with OH was found to be the 
dominant chemical loss process for both CH3CH2Br and CH3CH2CH2Br. 
 
Table 3.5. Comparison of Rate Coefficients for OH and Cl Reactions with CH3CH2Br, 
CH3CH2CH2Br, and CH2BrCH2Br at Atmospheric Temperatures 
_______________________________________________________________________ 










    kCl/kOH
b 
_____________________________________________________________________________ 
R-Br    297 K    220 K    297 K   220 K 
_____________________________________________________________________________ 
CH3CH2Br   3.4    1.6    31   42 
CH3CH2CH2Br   9.9    6.7    56   84 
CH2BrCH2Br   2.5    1.3    <6   <5 
_____________________________________________________________________________ 
a
 Rate coefficients for OH reactions with CH3CH2Br and CH3CH2CH2Br are taken from Sander et 
al., 2011. The 297 K rate coefficient for the OH + CH2BrCH2Br reaction is taken from Howard and 
Evenson [1976], while the 220 K rate coefficient is based on the 297 K experimental value from 
Howard and Evenson [1976] and the theoretical temperature dependence reported in Cohen and 
Benson [1987]. 
b
 Rate coefficients for Cl reactions with CH3CH2Br, CH3CH2CH2Br, and 
CH2BrCH2Br are obtained from the Arrhenius or upper limit modified Arrhenius expressions 
reported in this study. 
 
  The reactivities of Cl and OH with the alkyl bromides of interest are summarized 
in Table 3.5.  The contribution of Cl to the tropospheric degradation of alkyl bromides is 
difficult to evaluate because (unlike OH) tropospheric concentrations of Cl cannot 
currently be measured directly and atmospheric Cl production rates are highly variable in 
space and time and not readily quantifiable in model simulations.  As discussed earlier, 
there is growing evidence that supports significant Cl fluxes through the troposphere in 
both marine and terrestrial environments [Brioude et al., 2010; Wingenter et al., 2005; 







, which appears to be appropriate for the marine boundary layer 
[Wingenter et al., 2005], a mean Earth surface temperature of 288 K, and rate coefficients 
obtained from the results reported in this study, the following lifetimes for R-Br removal 
by Cl are obtained: 29 days for CH3CH2Br, 5.3 days for CH3CH2CH2Br, and ≥ 260 days 
for CH2BrCH2Br.  Rate coefficients for reactions of Cl atoms with CH3CH2Br and 
CH3CH2CH2Br are substantially faster than the corresponding OH rate coefficients 
(factors of 30-90 depending on temperature and the identity of R-Br), so it seems likely 
that the Cl reaction makes a significant contribution to the tropospheric degradation of 
these compounds.  As a result, the ozone depletion potentials of CH3CH2Br and 
CH3CH2CH2Br may be significantly smaller than current estimates suggest. The rate 
coefficient for the reaction of Cl atoms with CH2BrCH2Br is at most a factor of 5-6 faster 
than the corresponding OH reaction at tropospheric temperatures, so reaction with Cl is 







TEMPERATURE-DEPENDENT KINETICS ASSOCIATED 




It is well-established that isoprene is the single most important biogenic 
hydrocarbon both in terms of magnitude of emissions from terrestrial sources and in 
terms of its high reactivity [Brasseur et al., 1999; Harley et al., 1999].  Isoprene 
emissions from vegetation (primarily trees) total ~ 500 TgC yr
-1
 while anthropogenic 
emissions
 
from all nonmethane hydrocarbons (NMHC) total ~ 100 TgC yr
-1 
[Guenther et 
al., 2006].  Furthermore, the isoprene flux into the atmosphere is larger than that of any 
NMHC [Guenther et al., 2006] and, unlike methane, the chemistry of isoprene in the 
atmosphere is highly complex involving many reaction steps and many unique oxidation 
products [Sander et al., 2011; Atkinson et al., 2006].  Since isoprene is primarily emitted 
from terrestrial vegetation during photosynthesis its emissions overlap in time with high 
OH radical concentrations.  Hence, OH radicals are thought to be the dominant initiator 
of isoprene oxidation during daytime hours.  Nitrate radicals (NO3) are thought to play a 
significant role at night in polluted environments and O3 is thought to dominate at night 
in clean environments [Wine and Nicovich, 2012; Atkinson and Arey, 2003; Brown et al., 
2009].  However, recent work indicating potentially significant marine source of isoprene 
has received considerable attention [Liss, 2007; Liakakou et al., 2007; Sinha et al., 2007; 
Arnold et al., 2009; Gantt et al., 2009; 2010],
 
and since Cl atoms in the marine boundary 
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layer can be 1-10% of OH levels, [Jobson et al., 1994; Wingenter et al., 1999; Wingenter 
et al., 2005] the gas phase reactions of isoprene with atomic chlorine could represent an 
effective atmospheric oxidation processe for isoprene [Atkinson and Arey, 2003]. 
Chlorine has long been thought to exist primarily in marine environments, 
however, significant levels of ClNO2 have recently been observed in the middle of the 
continental United States [Thornton et al., 2010].  Recent laboratory and theoretical 
research has shown the heterogeneous reaction of N2O5 with HCl may represent a 
significant source of ClNOx species that can readily photolyze in the daytime troposphere 
to generate Cl atoms [Raff et al., 2009].  At 298 K, currently recommended rate 









, respectively [Sander et al., 2011].  If indeed the Cl rate 
coefficient is 4 times faster than the OH reaction, the Cl reaction could play a non-
neglibible role in isoprene oxidation in atmospheric locales where Cl concentrations are 
high enough.   
In this study, we focus on the reaction of atomic chlorine with isoprene over a 
wide range of temperature and pressure.   
 
Cl  +  H2C=C(CH3)CH=CH2   →   HCl  +  H2C=C(CH2)CH=CH2 (4.1a) 
Cl  +  H2C=C(CH3)CH=CH2   ↔   C5H8Cl                (4.1b, -4.1b) 
 
Cl + isoprene has been the subject of numerous room temperature studies performed by a 
variety of different techniques, and the kinetic database for this reaction contains a wide 
range of values for the 298 K rate coefficient [Ragains and Finlayson-Pitts, 1997; 
Notario et al., 1997; Fantechi et al., 1998; Bedjanian et al., 1998; Stutz et al., 1998; 
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Finlayson-Pitts et al., 1999; Canosa-Mas et al., 1999; Suh and Zhang, 2000; Albaladejo 
et al., 2003; Orlando et al., 2003].  The four reported 298 K HCl yields are in excellent 
agreement even though they were all obtained under very different conditions of pressure 
and bath gas, i.e., 1 Torr He [Bedjanian et al., 1998], 10 Torr He [Suh and Zhang, 2000], 
740 Torr Air [Fantechi et al., 1998], and 760 Torr N2 [Ragains et al., 1997].  In addition, 
there has only been one temperature dependent study (233 – 320 K) on the Cl + isoprene 
reaction [Bedjanian et al., 1998].  Figure 4.1 shows the major reactions that occur in the 
reaction of Cl atoms with isoprene in NOx free air. 
In this study, we couple 266 nm laser flash photolysis of Cl2CO with monitoring 
of atomic Cl by time-resolved atomic resonance fluorescence spectroscopy to investigate 
Cl + isoprene kinetics over a wide range of temperature and pressure.  Our results add to 
the ubiquitous 298 K kinetic database and, more importantly, they supplement the very 
limited temperature dependent kinetic database.  In addition we report the first 
experimental determination of the C−Cl bond strength in the Cl−isoprene radical adduct.  
The potential importance of reaction with Cl as an atmospheric degradation pathway for 





 Figure 4.1  The major reactions associated with 
oxidation of isoprene by atomic Cl in NOx free 






The studies of Cl + isoprene were conducted by coupling laser flash photolysis of 
Cl2CO/N2 mixtures with time-resolved atomic resonance fluorescence spectroscopic 
detection of chlorine atoms.  The descriptions of the apparatus and the technique can be 
found in Chapter 2 and only details particular to this study are discussed below. 
Chlorine atoms were generated by 266 nm LFP of Cl2CO using fourth harmonic 
radiation from a Quanta Ray Model DCR-3 Nd:YAG laser as the photolytic light source. 
 
Cl2CO + hν (266 nm) → CO + 2Cl     (4.2) 
 
The photolysis laser can deliver up to 60 mJ pulse
-1
 at a repetition rate of up to 10 Hz; the 





.  Chlorine atom concentrations produced by the laser flash were typically in the 




.   
The isoprene and Cl2CO flowed into the reaction cell from 12 L bulbs containing 
dilute mixtures in nitrogen while carbon dioxide, helium, and additional nitrogen flowed 
directly from their storage cylinders.  The contents of each bulb were measured 
frequently by UV photometry at 228.8 nm using a Cd Penray
®
 lamp as the light source.  
The isoprene absorption cross section needed to convert absorbance to concentration was 





The gases used in this study had the following stated minimum purities: N2 
(99.999%, Air Gas), He (99.999%, Air Gas), CO2 (99.99 %, Air Gas), and Cl2CO 
(99.0%, Matheson Trigas).  For Cl2CO and CO2 the stated purity refers to the liquid 
phase in the high-pressure gas cylinder.  The liquids used in this study had the following 
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stated minimum purities: isoprene (>99.0 %, TCI America (stabilized with tert-butyl-
catechol, TBC)).  N2, He, and CO2 were used as supplied, while isoprene, Cl2CO, and 
CF2Br2 were degassed repeatedly at 77 K, then diluted in N2 and stored in pyrex bulbs 
before use. 
Results and Discussion 
 
All experiments were carried out under pseudo-first-order conditions with 
isoprene in large excess over [Cl]0.  Thus, in the absence of secondary reactions that 
enhance or deplete the Cl concentration, the Cl temporal profile following the laser flash 
would be described by the relationship: 
 
ln{[X]0/[X]t}  =  ln{S0/St}  =  (k4.1[C5H8] + k4.3)t  =  k′t    (4-I) 
 
In eq (4-I), S0 is the Cl fluorescence signal at a time immediately after the laser fires and 
St is the Cl fluorescence signal at time t, k4.1 is the overall rate coefficient for loss of Cl 
by all irreversible Cl + isoprene reaction channels, and k4.3 is the rate coefficient for the 
following reaction:   
 
Cl   →   Reaction with background impurities and/or 
     loss by diffusion from detector field of view    (4.3) 
 
 
The bimolecular rate coefficients of interest, k4.1(P, T), are determined from the slopes of 
k′ vs [C5H8] plots for data obtained at constant T and P.  The dominant observed reaction 
pathway varies as a function of temperature.  Hence, the following discussion of the 




Kinetics at 201 K ≤ T ≤ 320 K  
Well-behaved pseudo-first-order Cl atom kinetics were observed in studies 
carried out over the temperature range 201 – 320 K, i.e., Cl temporal profiles were 
exponential and observed first order decay rates were found to increase linearly with 
increasing isoprene concentration but were independent of laser photon fluence and 
[COCl2]; these kinetic observations are consistent with the behavior predicted by 
equation (4-I).  This evidence strongly supports the contention that reactions (4.1) and 
(4.3) are the only processes affecting the post-laser-flash Cl temporal profile.  Typical 
data are shown in Figures 4.2 and 4.3, and measured bimolecular rate coefficients 
k4.1(P,T) are summarized in Table 1.  An Arrhenius plot describing T dependence of the 
reaction from 201 – 320 K is shown in Figure 4.4.   The following best fit Arrhenius 




k4.1(T)  =  (3.48 ± 0.26) × 10
−10 








Uncertainties in the above expression are 2σ and represent the precision of the Arrhenius 
parameters.  The largest systematic uncertainty lies in the reagent concentration in the 
reaction mixture, which we estimate to be uncertain by a maximum of ± 10%.  Since the 
precision of the overall rate coefficients reported herein is good (2σ ≤ 10%), we 
conservatively estimate the accuracy of each reported value for k4.1(T) to be ± 15% at the 
95% confidence level.  The observed T dependence of k4.1(T) is so small that the 


































Figure 4.2    Typical Cl atom temporal profiles observed in our studies 
of the Cl + isoprene reaction at 201 K ≤ T ≤ 320 K. Experimental 


















 (b), and 4528 s
-1
 (c).  Data are 
separated by 1000 signal counts for clarity.  Data was collected for 500 
channels with the multi channel scalar dwell time set to 500 μs (a), 40 μs 






Table 4.1. Kinetic data for Cl + isoprene from 201 - 320 K.
a




T P # exp. Cl2CO Cl0 C5H8 max k′max k4.1 ± 2σ 
201 55 5 2000 3 140 4860 3.60 ± 0.23 
215 50 5 2000 2 120 4420 3.59 ± 0.33 
233 55 6 3000 3 200 7210 3.49 ± 0.19 
254 50 5 2000 2 110 4060 3.63 ± 0.02 
273 55 5 2000 3 180 6660 3.63 ± 0.26 
296 3 4 2000 1 64 2710 3.85 ± 0.27  
296 50 4 3000 2 160 5800 3.58 ± 0.23 
296 300 4 4000 3 130 4670 3.70 ± 0.39  
297 10 10 4000 4 160 5840 3.70 ± 0.12 
298 50 8 4000 3 170 6000 3.50 ± 0.12  

























Figure 4.3    Plots of k′ versus [isoprene] for reaction 4.1 at 297 K.  The 
solid line is obtained from a linear least-squares analysis and lead to the T 
and P-independent bimolecular rate coefficient reported in the text.  
Background loss rates were subtracted from k′ to give the data shown. 
Those loss rates decareased with increasing pressure at 297 K from 3 – 300 








.  Individual rate coefficients 





















Figure 4.4    Arrhenius plot for the Cl + Isoprene reaction from 201 – 
320 K.  The open symbols represent data obtained by Cl2CO photolysis at 
266 nm and the closed symbols represent data obtained by Cl2 photolysis at 
355 nm.  The lines are obtained from linear least squares analyses which 
weights each data point equally.  The best fit Arrhenius expression 






): k4.1 = (3.48 ± 0.26) × 10
−10 
exp((+6 ± 20)/T).  The dotted line represents data reported by Bedjanian et 





High Temperature Studies 
Experiments were conducted at elevated temperatures (488 K ≤ T ≤ 635 K) where 
evidence for reversible adduct formation, i.e., double exponential Cl decay, was 
observed.  This observation strongly suggests that over the temperature range 201−320 K, 
a stable adduct is formed via reaction (4.1b), i.e., reaction (–4.1b) is extremely slow over 
this temperature range.  As we continued to increase temperature to T > 690 K, 
exponential decays were once again observed.  The high temperature (T > 690 K) data 
are strongly indicative of a case where reaction (–4.1b) is too fast to observe on the time 
scale of our experiments, i.e., at this temperature we are observing only the H-abstraction 
reaction (4.1a).  We will address the non-exponential decays after discussing results from 
the experiments at T ≥ 690 K. 
Kinetics at T ≥ 690 K 
Well-behaved pseudo-first-order Cl atom kinetics were observed in studies 
carried out at 690 ≤ T ≤ 719 K, i.e., Cl temporal profiles were exponential and observed 
first order decay rates were found to increase linearly with increasing [isoprene].  These 
kinetic observations are consistent with eq (4-I), and observed decay rates were 
independent of laser photon fluence.  Furthermore, bimolecular rate coefficients obtained 
from the slopes of k′ vs [isoprene] plots were found to be independent of pressure over 
the range 50 – 250 Torr.  The observational evidence in conjunction with observed 
behavior at lower temperatures strongly supports the contentions that (i) the dominant 
pathway for Cl + isoprene reaction at T > 690 K is H-abstraction and (ii) reactions (4.1a) 
and (4.3) are the only processes which significantly affect the post-laser-flash Cl atom 
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time history.  Typical high temperature data are shown in Figure 4.5, and measured 















Figure 4.5    Plots of k′, the pseudo-first order Cl atom decay rate, versus 
[isoprene] at 719 K.  The solid line is obtained from a linear least squares 
analysis and the resulting bimolecular rate coefficients, i.e., the slope of the 






) 3.91 × 10
−11
.  Background loss rates 
were subtracted from k′ to give the data shown.  Background loss rates for the 
719 K data were 101 s
-1
 at 50 Torr and 25 s
-1
 at 250 Torr.  Uncertainties are 









T P # exp. [Cl2CO] [Cl]0 [C5H8] max k′max k4.1a ± 2σ 
b
 
690 50 6 1700 1.0 400 1740 4.09 ± 0.06 
719 50 8 1700 0.3-1.2 360 1550 3.94 ± 0.05 
719 250 5 2300 1.5 800 3150 3.89 ± 0.18 
a 
Units: T (K); P (Torr); k′(s
-1















Uncertainty is precision only. 
 
 









independent of P from 50 to 250 Torr; uncertainty is 2σ, precision only.  Since the 
precision of the k4.1a(T,P) values tabulated in Table 4.2 is quite good (2σ < 5 %), we 
conservatively estimate the accuracy of each reported value for k4.1a(T) to be ± 15 %.   
Since k4.1a(T) could only be experimentally determined over a very narrow temperature 
range, we have obtained a “guesstimated” Arrhenius expression for the H-abstraction 
reaction based on known A factors found in the literature for reactions of Cl with small 
hydrocarbons such as ethane, n-propane, propylene, and n-butane [Sander et al., 2011; 









) to compute Ea/R based on our 719 K value for k4.1a.  The 
“guesstimated” expression is as follows: 
 
k4.1a(T)  ≈  2 × 10
−10





-1   
(4-III) 
 
The “guesstimated” Arrhenius expression is used in the analysis of kinetic data obtained 
over the temperature range 488−635 K (see below). 
Kinetics at 488 K ≤ T ≤ 635 K 
Over the temperature range 488 – 635 K, kinetic evidence for reversible addition 
of Cl to isoprene was observed.  The relevant kinetic scheme for analysis of this data 




C5H8Cl →   Loss by processes that do not regenerate Cl atoms (4.4) 
 
The rate equations for the above reaction scheme can be solved analytically, and predict a 
double exponential functional form for the Cl decay: 
 
[S]t/[S]0 = [(Q + λ1)exp(λ1t) − (Q + λ2)exp(λ2t)] / (λ1 − λ2)   (4-IV) 
 
In equation (4-IV), St and S0 are the resonance fluorescence signal levels at times t and 0, 
and  
 
Q   =   k−4.1b  +  k4.4        (4-V) 
−(λ1 + λ2)   =   Q  +  k4.3  +  (k4.1a + k4.1b)[C5H8]    (4-VI) 
λ1λ2   =   Q(k4.3 +  k4.1a[C5H8])  +  k4.4k4.1b[C5H8]    (4-VII) 
 
Typical observed Cl temporal profiles are shown in Figure 4.6.  Such temporal profiles 
were fit to the double exponential equation (4-IV) using a non-linear least squares 
method to obtain values for the fitted parameters S0, Q, λ1, and λ2..  Rearrangement of 
equations (4-V) – (4-VII) gives the relationships for the rate coefficients of interest: 
 
k4.1b   =   − (Q + k4.3 + k4.1a[C5H8] + λ1 + λ2) / [ C5H8],   (4-VIII) 
k4.4   =   {λ1λ2  – Q (k4.3 + k4.1a[C5H8]} / k4.1b[C5H8],    (4-IX) 
k−4.1b   =   Q – k4.4                   (4-X) 
The background Cl atom loss rate (k4.3) was directly measured by observing the RF decay 
in the absence of isoprene at each temperature and pressure.  At 50 Torr, k4.3 varied from 
~ 40 s
-1
 at 488 K to 80 s
-1





Temperature dependent rate coefficients for the H-abstraction pathway, k4.1a(T), were 
obtained by using the Arrhenius expression described earlier in this chapter.   
   
 









Experimental conditions and results of all of the equilibration kinetics 
experiments are summarized in Table 4.3.  The values of the equilibrium constants given 
in Table 4.3 have been derived from the following relationship 
Figure 4.6 Typical Cl atom temporal profiles observed at 488 K ≤ T ≤ 
635 K.  Note the appearance of a pre triggered baseline.  Experimental 





) = (a) 0.99 and (b) 4.9.  Solid lines are obtained from non-linear least-
square fits to equation (ii) and give the following best fit parameters (also 
shown in Table 2): (a) So = 2779, Q = 1398, λ1 = -2843, λ2 = −249 and (b) 
So = 2672, Q = 1802, λ1 = −10128, λ2 = −393.  Trace (a) has been scaled 





     KP   =   k4.1b / (k−4.1bRT)   =   Kc / (RT)      (4-XI) 
 
Since the precision of multiple determinations of k4.1b and k−4.1b is quite good, we 
estimate that the absolute accuracies of reported k4.1b, k−4.1b, and KP values are ± 15%, ± 
25%, and ± 30%, respectively, over the full range of temperature and pressure spanned 
by the results given in Table 4.3.  A plot of ln KP vs 1/T, i.e., a van‟t Hoff plot, is shown 
in Fig. 4.7.  A linear least-squares analysis of the data gives the following expression:  
 
ln KP  =  −(10.3 ± 0.8) + (13700 ± 400)/T     (4-XII) 
 
It should be noted, that the derived values for KP are dependent on the choice of k4.1a(T), 
i.e., as can be seen from equations (4-VI and 4-VII) the fit parameters provide the sum of 
the H abstraction and addition channels (k4.1a + k4.1b).  The expression above (4-XII) was 
obtained assuming that k4.1a(T) = 2.0 × 10
-10
 exp(−1340/T).  Potential uncertainty in 
























Figure 4.7 van’t Hoff plot for the reaction Cl + isoprene at 488 K ≤ T ≤ 
635 K.  The solid line is obtained from a least squares analysis of ln KP vs 
1/T data for isoprene and gives the following second-law thermochemical 
parameters for the reaction:  ∆H = −113.6 kJ/mol and ∆S = −86 J/mol/K.  
The dashed line represents results from the third law analysis.  The van‘t 











T P Q -λ1 -λ2 [C5H8] [COCl2] [Cl]0 k4.1b k4.4 k−4.1b KP 
488 50 202 4246 114 151 2140 1.44 2.47 107 95 38.9 
  626 8918 536 320 2150 1.39 2.50 533 93 40.3 
  267 7862 158 284 2130 1.25 2.47 149 118 31.4 
  150 1591 80 550 2100 1.24 2.44 75 76 48.4 
 200 316 10883 253 348 2530 1.49 2.85 249 67 64.3 
  243 5738 109 180 2430 1.30 2.84 99 145 29.5 
512 50 411 2600 179 101 2100 1.52 2.04 164 247 11.9 
  432 1910 177 70 2090 1.40 2.08 173 259 12.1 
  846 14428 518 580 2090 1.46 2.18 493 353 9.27 
  346 11085 72 459 2100 1.24 2.08 -42 388 8.05 
  531 6296 244 238 2070 1.11 2.26 223 307 11.0 
538 50 658 2486 163 102 1400 1.02 1.61 109 549 4.00 
  1200 12205 416 506 2090 1.40 1.96 332 868 3.08 
  879 4776 247 191 2070 1.16 1.86 186 694 3.66 
  1173 9577 398 408 2040 1.26 1.86 315 857 2.96 
  657 1919 153 65 2020 1.14 1.80 118 539 4.56 
561 50 1707 5061 347 209 1970 1.27 1.45 199 1507 1.26 
  1398 2844 249 99 1980 1.22 1.35 165 1233 1.44 
  2141 12631 514 602 1960 1.00 1.52 276 1865 1.07 
  1802 10128 393 494 2090 1.12 1.45 170 1632 1.17 
590 50 4998 6316 365 936 1790 1.20 1.42 410 4588 .385 
  4564 10601 805 450 1760 1.13 1.19 329 4235 .350 
  4168 7041 601 244 1750 1.08 1.09 295 3873 .349 
  4837 12318 860 554 2150 1.21 1.18 278 4559 .322 
618 50 11754 19679 1793 786 1820 1.12 1.24 3631 8123 .183 
  12782 20792 1743 736 1760 1.09 0.991 658 12124 .097 
  11154 15371 1288 462 1730 1.07 0.858 653 10501 .097 
  8739 10263 824 243 1690 1.04 .0632 887 7852 .096 
  11279 12825 648 168 1750 1.08 0.969 1201 10078 .114 
635 50 15661 17275 985 280 1830 1.22 0.582 1157 14504 .046 
  13650 16475 1638 559 1830 1.23 0.454 282 13368 .039 
  25024 34270 2201 794 1780 1.19 1.10 808 24216 .052 
  19981 25861 2233 803 1780 1.19 0.666 472 19509 .039 
a 
Units: T (K); P (Torr); Q, λ1, λ2, k4.4, k−4.1b (s
-1





















Both second and third law methods have been employed to evaluate the 
thermochemistry of Cl−isoprene.  In the second law approach, the enthalpy and entropy 
changes associated with the Cl−Isoprene formation (4.1b) are evaluated from the van‟t 
Hoff plot shown in Figure 4.7.  Since    
 
 ln KP  =  (∆rS / R) – (∆rH / RT),     (4-XIII) 
 
the enthalpy change is obtained from the slope of the van‟t Hoff plot while the entropy 
change is obtained from the intercept.  As mentioned earlier, and as can be seen from 
equations (4-VI and 4-VII) the second law results are dependent on the values of k4.1a(T) 
used in the data analysis.  The fit parameters only yield the sum of the H abstraction and 
addition channels (k4.1a + k4.1b).  There are several different approaches that could be 
employed for estimating k4.1a(T).  After careful consideration of all possible values for 
k4.1a(T), the analysis was performed using two limiting cases, (i) k4.1a(T) = 2.0 × 10
−10
 








 (measured value at 719 
K) independent of temperature.  These analyses yield second law values (seen in Table 
4.5) for ∆rH of −113.6 and −116.6 kJ/mol, respectively.  Assuming the average of the two 
limiting cases yields the second law results shown in Table 4.5.  At 561 K, near the 
midpoint of the experimental 1/T range, this second-law analysis gives the results ∆rH  =  
−115 ± 8  kJ mol
-1




, where uncertainties are 2σ and 






In addition to the second-law analysis, we have carried out a third-law analysis, 







been employed in conjunction with a calculated entropy change to determine 
∆rH(561).  To evaluate ∆rS for reaction (4.1b), absolute entropies as a function of 
temperature were obtained from the JANAF table for Cl [Chase et al., 1985], and 
calculated using ab initio vibrational frequenies and moments of inertia for isoprene and 
for the Cl−isoprene adduct.  Relevant parameters used in the calculations of absolute 
entropies and heat capacity corrections are summarized in Table 4.4.   
Electronic structure calculations were carried out by our collaborator, Michael L. 
McKee of Auburn University.  The geometry of the isoprene and Cl−isoprene adduct 
were determined by the G4 method [Curtiss et al., 2007] using the Gaussian09 program 
[Frisch et al., 2009].  The G4 method is a composite of several calculations and includes 
an extrapolation procedure and a spin-orbit correction for the chlorine atom (5.6 kJ mol
-1
 
for Cl).  The average absolute deviation from experiment for the G3/05 test set (454 
experimental energies, 34 of which are for radicals) is only 3.5 kJ mol
-1
.  There are two 
potentially stable Cl−isoprene adducts, the C1−adduct is found to be 6.8 kJ/mol more 





























Figure 4.8. Optimized structure and geometries of the Cl−isoprene 
complexes. The ―best‖ C1 (left) and C4 (right) adducts are shown for 
C5H8Cl.  C−Cl bond lengths are 1.86 and 1.87 Angstroms for the C-1 and 
C-4 adducts, respectively. Provided by Mike L. McKee. 
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Table 4.4.  Summary of parameters used in calculations of absolute entropies and heat capacity 
corrections for the Cl reaction with isoprene. 
 
 Cl isoprene Cl−isoprene 
c 
g0 4 1 2 
g1 2   
∆ε/cm
-1 a
 882.36   
σ  1 1 
Rot. Constants/GHz
b
  8.5477, 4.1750, 2.8544 5.4537, 1.4668, 1.3064 
Vib. Frequencies/cm
-1b
  164, 209, 277, 413, 426, 
533, 649, 794, 796, 930, 
937, 965, 1012, 1041, 1074, 
1091, 1328, 1330, 1411, 
1435, 1462, 1481, 1503, 
1669, 1708, 3029, 3080, 
3121, 3140, 3148, 3158, 
3230, 3237 
54, 64, 149, 240, 293, 374, 395, 
542, 569, 648, 778, 813, 909, 
983, 994, 1033, 1048, 1147, 
1247, 1257, 1263, 1378, 1409, 
1459, 1471, 1484, 1502, 1530, 
3017, 3064, 3088, 3133, 3139, 
3159, 3166, 3254 
a
∆ε ≡ energy splitting between the lowest two electronic states; neither of the di-alkenes in question 
here has low-energy excited states and the adducts are assumed to have none. 
b
Calculated values 
at the B3LYP/6-31G(2d,p) level of theory. 
c
 Frequencies are for the C1 adduct. 
 




and ∆rH  =  −124.4 ± 7.1  kJ mol
-1
; the uncertainties we report reflect an estimate of our 
imperfect knowledge of the input data needed to calculate absolute entropies (particularly 
the low frequency Cl−C5H8 vibrations and the potential for a small contribution from the 
C4 adduct) as well as the estimated uncertainty in the experimental value for KP at 561 K.  
In arriving at the above uncertainty in ∆rS, we assume that the frequencies in the three 
lowest frequency Cl−C5H8 vibrations could differ from the values given in Table 4.9 by ± 
25 cm
-1
.  Appropriate heat capacity corrections have been employed to obtain ∆rH values 
at 298 K and 0 K; the results are summarized in Table 4.6.  The thermochemical 
parameters determined from the second- and third-law analyses are in reasonable 
agreement; however, the uncertainties associated with the third law values are smaller.  
Hence, we feel it appropriate to report the third law results as the experimentally 
determined values for ∆rH:  In units of kJ/mol, ∆rH298 = −124.5 ± 7.2, ∆rH0 = −123.1 ± 
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7.2 where uncertainties are accuracy estimates at the 95% confidence level.  Theoretical 
bond strengths are also tabulated in Table 4.5 and agree reasonably well with the 
experimental values.  The dashed line in Figure 4.6 is generated from equation (4-XII) 
using the 561 K third law values for ∆rS and ∆rH.  The mathematical expression 
represented by the dashed line in Figure 4.6 is 
 
     ln KP (atm
-1
)   =   −12.6  +  14900 / T  (third-law analysis) (4-XIV) 
 
The values for ΔrH obtained above can be used in conjunction with literature values for 
the standard enthalpies of formation of Cl [Chase et al., 1985] and isoprene [Fraser and 
Prosen, 1955] to deduct a value for the standard enthalpy of formation of Cl−isoprene at 
298 K, ∆fH 298  =  72.6 kJ/mol. 
 
Table 4.5.  Thermochemical parameters for the reaction Cl + isoprene ↔ Cl−isoprene. 
 
T /K Method −∆rH (kJ mol
-1









561 Second law 116.0 ± 8.0 
b 
92 ± 15.0  
 Third law 124.4 ± 7.1 
c 
105 ± 10  
0 Second law 114.7 ± 8.0 
b
   
 Third law 123.1 ± 7.2 
c
   
 G4 theory 
d 
127.1 ± 3.5 
e 
  
298 Second law 116.1 ± 8.0 
b
   
 Third law 124.5 ± 7.2 
c
 105 ± 10 72.6 ± 6 
 G4 theory 
d 




Values are based on third law results; 
b 
Uncertainty is 2σ, precision only; 
c 
Uncertainty is 
estimated accuracy at 95 % confidence level; 
d
 The level of optimization is B3LYP/6-
31G(2df,p); 
e 
Uncertainty represents average deviation between experiment and theory 
for a test set of 454 chemical species, 34 of which were radicals. 
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At temperatures where the adduct was very stable we could measure k4.1b(T).  
From 201 to 320 K, we observe temperature independent rate coefficients for the total 
rate of reaction of Cl to isoprene, k4.1(T).  We have successfully measured k4.1b(T) by 
conducting experiments at temperatures where the adduct falls apart immediately on the 




).  Measurement of k4.1a(T) required heating to 
high T (T ≥ 690 K), so we were unable to experimentally determine k4.1a(T).  Direct 
observation of adduct formation/dissociation kinetics were observed from 488 – 635 K 
for the reactions above (4.1b/−1b).  The data obtained can be compared with other 
published studies of Cl + isoprene and expands the temperature range studied for 
reaction.  Furthermore, the bond dissociation enthalpy is experimentally obtained for 
Cl−isoprene adduct for the first time.  
Literature Comparisons 
 
Our observed independence of k4.1 on P (for P ≥ 3 Torr) is consistent with the 
literature [Ragains and Finlayson-Pitts, 1997; Notario et al., 1997; Fantechi et al., 1998; 
Bedjanian et al., 1998; Stutz et al., 1998; Finlayson-Pitts et al., 1999; Canosa-Mas et al., 
1999; Suh and Zhang, 2000; Albaladejo et al., 2003; Orlando et al., 2003; Xing et al., 








) is near the low 
end of the range of reported values in the literature   However, our observed T 
independence of k4.1 (Table 4.1 and Fig. 4.3) is not consistent with the only reported 
temperature dependent rate coefficient [Bedjanian et al., 1998].  While Bedjanian et al. 
observe a 298 K rate coefficient that is in excellent agreement with our 298 K value, they 
report a substantial negative activation energy over the range 233-320 K.  There are no 
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reported bond strengths with which to compare our measured bond strength for 
Cl−isoprene.  
Implications for Atmospheric Chemistry 
 
The gas phase rate coefficients measured in this study can be employed to 
compare the potential importance of Cl as an atmospheric sink for isoprene with 
contributions from other atmospheric species that are known to also be reactive toward 
isoprene, i.e., OH, NO3, and O3.  Cl atom concentrations generally peak at dawn which is 
much earlier than OH.  The peak Cl concentration has been predicted to be approximately 
an order of magnitude larger than the simultaneous OH concentration [Brauers et al., 
1996].
 
  Because of this, combined with the fact that the 298 K Cl + isoprene reaction is 








) the reaction could compete with OH as an 
effective loss pathway for isoprene under some atmospheric conditions.  The calculated 





[Seinfeld and Pandis, 2006] is 3 hrs.  Estimates of the peak concentrations 






 [Spicer et al., 





, the lifetime for isoprene removal by Cl would be roughly 8 hrs.  This 
would make the Cl a non-negligible player in isoprene oxidation, especially at dawn 




 [Prinn et al., 2001].  More conservatively, assuming an 




, which appears to be appropriate for the 
marine boundary layer [Wingenter et al., 2005] and the rate coefficient reported in this 
study, the atmospheric lifetime for isoprene removal by Cl is approximately 20 hrs.   
 
94 
The contribution of Cl to isoprene destruction is difficult to evaluate because (i) 
atmospheric Cl concentrations are highly variable in space and time and (ii) the 
atmospheric fate of Cl−isoprene is uncertain.  Since (i) Cl levels in the MBL are thought 
to be the highest encountered in the unpolluted troposphere and (ii) it is likely that, as in 
the case of Cl–C6H6 [Sokolov et al., 1998], a significant fraction of Cl–isoprene loss in 
the atmosphere results in regeneration of isoprene, the above scenario only represents the 
maximum possible contribution from the Cl + isoprene reaction.  While it is difficult to 
assess the overall importance of the Cl reaction as discussed above, it appears unlikely 
that Cl represents a significant loss process for isoprene in the atmosphere as it simply 


















KINECTIC STUDIES OF BROMINE ATOM REACTIONS WITH 




Reactions of atomic bromine with olefins are thought to play a significant role in 
the chemistry of marine atmospheric environments, particularly in polar regions during 
ozone depletion events [Jobson et al., 1994; Solberg et al., 1994].  In comparison with 
other radical species such as Cl, OH and NO3, the kinetic data base for the reactions of Br 
atoms with unsaturated hydrocarbons is quite sparse [Bierbach et al., 1996; Barnes et al., 
1989; Wallington et al., 1989; Anthony and Roscoe, 2004].  The reactions of Br atoms 
with saturated hydrocarbons proceed slowly via hydrogen abstraction, and are thought to 
be of negligible importance in the atmosphere.  However, Br reactions with unsaturated 
hydrocarbons can be more complex.  These reactions typically proceed rapidly via 
addition of the Br atom to the double bond and, depending on the local Br atom 
concentration and subsequent chemistry of the Br-containing adduct, could play a 
significant role in atmospheric chemisty.   
The bromoalkyl radicals formed via Br + olefin addition reactions typically have 
relatively weak C−Br bonds such that under atmospheric conditions radical unimolecular 
decomposition occurs in competition with the radical + O2 reaction.  As a result, the rates 
of Br initiated oxidations of olefins under atmospheric conditions typically display 
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complex temperature and pressure dependences [Bierbach et al., 1996; Barnes et al., 
1989; Bedjanian et al., 1998; Sauer et al., 1999; Ramacher et al., 2001].   
In this chapter, we focus on the reactions of atomic bromine with a series of 
unsaturated hydrocarbons, tetramethylethylene (TME, 2,3-dimethyl-2-butene), 1,3-




P3/2)  +  (CH3)2C=C(CH3)2   →   HBr  +  (CH3)2C=C(CH3)(CH2)  (5.1a) 
Br(
2
P3/2)  +  (CH3)2C=C(CH3)2   +  M   ↔   (CH3)2C(Br)C(CH3)2  +  M    (5.1b, −5.1b) 
(CH3)2C(Br)C(CH3)2  +  O2  +  M   →   (CH3)2C(Br)C(OO)(CH3)2  +  M (5.2) 
Br(
2
P3/2) + H2C=CHCH=CH2   →   HBr + Products     (5.3a) 
Br(
2
P3/2) +  H2C=CHCH=CH2  +  M   ↔   H2C(Br)=CHCH=CH2  + M     (5.3b, −5.3b) 
H2C(Br)=CHCH=CH2   + O2 +  M  →   H2C(Br)=CH(OO)CH=CH2  +  M   (5.4) 
Br + H2C=C(CH3)CH=CH2 → HBr + H2C=C(CH2)CH=CH2   (5.5a) 
Br + H2C=C(CH3)CH=CH2   +  M  ↔  C5H8Br   +  M              (5.5b, −5.5b) 
C5H8Br   + O2 +  M  → C5H8BrOO  +  M      (5.6) 
 
Various factors led the motivation behind the study of Br + olefin reactions 
depicted in the scheme above.  Our interest in the Br + TME reaction (5.1a, 5.1b/−5.1b, 
5.2) stems, in part, from its chemical uniqueness.  The C−H bonds in TME are unusually 
weak; hence, unlike most organic molecules, hydrogen abstraction from TME by atomic 
bromine is exothermic and occurs with a large rate coefficient even at low atmospheric 
temperatures [Bedjanian et al., 2000].   Furthermore, donation of electron density to the 
double bond from the methyl groups results in increased stability for the C−Br bond in 
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the Br−TME adduct compared to the CH2CH2Br radical formed from Br addition to 
ethylene which has an experimentally determined C−Br bond strength of 29 kJ/mol 
[Ferrell, 1998].  Additionally, TME has been observed in the atmosphere (primarily in 
automobile exhaust plumes) with mixing ratios as high as 1 ppbv (parts per billion by 
volume) [McEwen, 1966].   
Isoprene is the most abundant NMHC in our atmosphere as described in Chapter 
4 of this dissertation.  In addition to the well-known fact that isoprene is emitted into the 
atmosphere from vegetation, a potentially significant marine source of isoprene has 
received considerable recent attention [Moore et al., 1994; Liss, 2007; Liakakou et al., 
2007; Sinha et al., 2007; Arnold et al., 2009; Gantt et al., 2009; 2010].  In order to gain a 
complete understanding of the lifetime of isoprene under a variety of atmospheric 
conditions, it is important to investigate Br + isoprene kinetics.  1,3−butadiene is known 
to be a human carcinogen, and exists in the atmosphere from various anthropogenic 
sources.  Three quarters of the manufactured 1,3−butadiene is used in synthetic rubber 
production for tires [ATSDR, 1992a].   
As mentioned previously, published kinetic data on Br + olefin reactions are 
limited.  Bierbach et al. [1996] report the following effective rate coefficients from a 
relative rate study at 298 K and 1000 mbar synthetic air where the loss of each alkene by 
reaction with Br was monitored: isoprene 7.42 × 10
−11











.  However, the process studied by Bierbach et al. is not an 
elementary reaction.   
It is worth noting that Bierbach et al. [1996] obtained their Br kinetics results by 
measuring the chain of rate coefficient ratios Isoprene : 1,3-butadiene : TME : trans-2-
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 for the Br + acetaldehyde reaction; the only reaction in the sequence 
for which an absolute rate determination has been reported [Atkinson et al., 2006; Sander 
et al., 2011].  Ideally, relative rate experiments are carried out under conditions where 
both the reactant compound and the reference compound react at similar rates, i.e., rate 
coefficients within a factor of three or so, but the limited kinetic database for Br reactions 
forced the researchers [Bierbach et al., 1996] to employ a stepwise method to determine 
kinetics for the above-mentioned alkenes.  This study will help to expand the kinetic 
database for Br + alkene reactions.   
In addition to the relative rate study mentioned above, there is one additional 
study on the kinetics of the Br + TME reaction in the literature.  Bedjanian et al. [2000]  
in a discharge flow study at P = 1 Torr He and 233 K ≤ T ≤ 320 K obtained the Arrhenius 
expression k5.1a = 2.4 × 10
−11
 exp(−75/T) for the H-abstraction reaction which 
corresponds to approximately 1.5 times slower than the effective rate coefficient reported 
by Bierbach et al. [1996].  Bedjanian et al. also determined the temperature dependence 
of the product of the equilibrium constant for Br−TME formation/dissociation (i.e., k5.1b / 
k−5.1b) and the rate coefficient for Br−TME reaction with Br2, from which they deduced 
the enthalpy change associated with Br−TME formation to be −(41 ± 9) kJ/mol. 
In this study, we couple 266 nm laser flash photolysis of CF2Br2 with monitoring 
of Br by time-resolved atomic resonance fluorescence spectroscopy to investigate Br + 
isoprene, TME, and 1,3-butadiene kinetics over a wide range of temperature, pressure, 
and [O2].  The results allow rate coefficients for elementary steps in the overall 
mechanism for the Br-initiated oxidation of each olefin to be evaluated more directly than 
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in earlier studies.  In addition, the C−Br bond strength in each of the Br−alkene adducts is 
obtained from direct measurements of (k5.1b/k−5.1b), (k5.3b/k−5.3b), and (k5.5b/k−5.5b), 
respectively.  Observations of perturbation to “approach to equilibrium” kinetics upon 
addition of O2 to reaction mixtures allows for the evaluation of the O2 reaction with the 
Br−alkenes to give the rate coefficients, k5.2, k5.4, and k5.6, respectively.  Our ability to 
monitor Br kinetics directly both in the absence and presence of O2 allows the rate 
coefficients for some elementary steps in the overall complex mechanisms to be 
determined for the first time.  Our results are compared with the literature data described 
above, and the potential importance of Br-initiated oxidation as an atmospheric sink for 
each of the alkenes is assessed.   
Experimental Details 
 
The studies of Br reaction with a series of alkenes was conducted by coupling 
laser flash photolysis of CF2Br2/N2 mixtures with time-resolved atomic resonance 
fluorescence spectroscopic detection of bromine atoms.  The descriptions of the apparatus 
and the technique can be found in Chapter 2 and only details particular to this study are 
discussed below.   
Bromine atoms were generated by 266 nm laser flash photolysis of CF2Br2 using 
fourth harmonic radiation from a Quanta Ray model DCR-3 Nd:YAG laser as the 
photolytic light source: 
 
CF2Br2  +  hν(266 nm)   →   CF2Br  +  Br       (5.7) 
 
The maximum laser repetition rate was 10 Hz, the pulse width was ~ 6 ns, and the laser 




.  The laser energy was measured by a 
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thermopile calorimeter energy meter upon exit of the laser beam from the reaction cell.  
Bromine atom concentrations produced by the laser flash were typically in the range of (1 









 [Sander et al., 2011] and the quantum yield for Br production from CF2Br2 is unity 
[Park et al., 2001].   
Two different reaction cells were used during the course of the Br + alkene 
experiments.  The reaction cell shown in Figure 2.2 was used for the majority of 
experiments; however, the reaction cell shown in Figure 2.1 was employed for high 
temperature Br + isoprene experiments. 
 The reagent and photolyte were flowed into the reaction cell from 12 L bulbs 
containing dilute mixtures in nitrogen while CO2, He, and additional N2 flowed directly 
from their storage cylinders.  The mole fraction of each alkene in the dilute bulbs was 
checked frequently by UV photometry at 228.8 nm using a Cd Penray
®
 lamp.  The 
photometric measurements were carried out on a separate high vacuum gas handling 
system using a monochromator to isolate the 228.8 nm Cd emission line.  The absorption 
















 for 1,3-butadiene.   
The gases used in this study had the following stated minimum purities: N2 
(99.999%, Airgas), He (99.999%, Airgas), CO2 (99.99%, Airgas), Cl2CO (99.0%, 
Matheson Trigas).  For Cl2CO and CO2 the purity refers to liquid in a high pressure 
cylinder.  The liquids used in this study had the following stated minimum purities: 
CF2Br2 (97%, Aldrich), 1,3-butadiene (≥99%, Aldrich (contains TBC)) isoprene ((>99.0 
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%, TCI America (stabilized with TBC)), and TME (Aldrich, 98%).  N2, CO2, and He 
were used as supplied, while the TME, isoprene, and 1,3-butadiene were degassed 
repeatedly at 77 K, then diluted in N2 and stored in a pyrex bulb before use.   
Results and Discussion 
 
All experiments were carried out under pseudo-first-order conditions with the 
alkene in large excess over [Br]0.  Thus, in the absence of secondary reactions that 
enhance or deplete the Br concentration, the Br temporal profile following the laser flash 
would be described by the relationship 
 
ln{[Br]0 / [Br]t}   =   ln{S0 / St}   =   (k5.i[alkene] + k5.8)t   =   k′t   (i = 1,3,5) (5-I) 
 
In equation (5-I), S0 is the Br fluorescence signal at a time immediately after the laser 
fires, St is the Br fluorescence signal at time t, k5.i is the overall rate coefficient for loss of 
Br by all irreversible Br + alkene reaction channels, and k5.8 is the rate coefficient for the 
following reaction: 
 
Br   →   Reaction with background impurities and/or 
      loss by diffusion from detector field of view    (5.8) 
 
 
The bimolecular rate coefficients of interest, k5.i(P,T) (i = 1,3,5) are determined from the 
slopes of k′ vs [alkene] plots obtained at constant T and P.   
   
Br + TME at 274 K ≤ T ≤ 420 K 
 
Well-behaved pseudo-first order Br atom kinetics were observed in studies carried 
out over the temperature range 274 – 420 K, i.e., Br temporal profiles were exponential 
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and observed first order decay rates were found to increase linearly with increasing 
[TME] but were independent of laser photon fluence and [CF2Br2]; these kinetic 
observations are consistent with the behavior predicted by equation (5-I).  Furthermore, 
bimolecular rate coefficients obtained from the slopes of k′ vs [TME] plots were found to 
increase slightly with increasing temperature and were independent of pressure over the 
range 25 – 700 Torr.  The observational evidence strongly supports the contentions that 
(i) the dominant pathway for Br + TME reaction is H-abstraction and (ii) reactions (5.1a) 
and (5.8) are the only processes that significantly affect the post-laser-flash Br time 
history.  Typical Br + TME data are shown in Figures 5.1 and 5.2, and measured 
bimolecular rate coefficients, k5.1a(P,T), are summarized in Table 5.1.  An Arrhenius plot 
for reaction (5.1a) is shown in Figure 5.3.  The following best fit Arrhenius expression is 




k5.1a(T)   =   (3.84 ± 0.84) × 10
−11







The range of temperatures where irreversible Br + TME kinetics were observed was 274 





















Figure 5.1.  Typical resonance fluorescence temporal profiles observed 
in kinetics studies of Br + TME at 298 K.  Experimental conditions: P = 




) = (A) 0, (B) 4.31, and (C) 27.6; 
number of laser shots averaged = (A) 50, (B) 1000, and (C) 5000.  Solid 
lines are obtained from least-squares analyses and give the following 
pseudo-first-order decay rates in units of s
-1
: (A) 25, (B) 1180, and (C) 





















) k5.1a ± 2σ
c 
274 25 5 6200 2.2 2200 5186 2.21 ± 0.16 
274 25 5 5000 1.7 2500 5520 2.12 ± 0.09 
274 200 4 6200 2.2 1490 3093 2.04 ± 0.04 
298 25 6 7000 7.0 3420 7300 2.13 ± 0.11 
298 700 5 4800 2.7 1350 2925 2.06 ± 0.07 
344 50 5 6300 3.5 2350 5481 2.31 ± 0.02 
420 25 5 5300 2.9 1930 4934 2.52 ± 0.06 
420 25 6 4700 1.6 1730 4738 2.70 ± 0.11 
a
 Units are T (K); P (Torr); k’ (s
-1





















 N ≡ Number of determinations of a single pseudo-first order decay rate;  
c




Figure 5.2.  Typical plots of k′ versus [TME] for reaction 
(5.1a).  Kinetic data obtained at 274 K (open circles) and 420 K 
(filled circles), P = 25 Torr.  Solid lines are obtained from least-
squares analyses and lead to the bimolecular rate coefficients 





















Figure 5.3.  Arrhenius plot for the Br + TME H-abstraction reaction.  The 
solid line is obtained from an unweighted least squares analysis and gives the 
following Arrhenius expression reported in the text.  P = 25 Torr (open circles), 
50 Torr (triangle), 200 Torr (filled circle), 700 Torr (square).  Uncertainties are 




Br + TME at 203 K ≤ T ≤ 241 K  
Over the temperature range 203 − 241 K, kinetic evidence for reversible addition of Br to 
TME was observed.  The relevant kinetic scheme for analysis of this low temperature 
data includes reactions (5.1a), (5.1b), (−5.1b), (5.8), and (5.9). 
 
Br−TME   →   loss by processes that do not regenerate Br atoms  (5.9) 
 
The rate equations for the above reaction scheme can be solved analytically and predict a 
double exponential functional form for the Br decay. 
 
[S]t / [S]0   =   [(Q + λ1)exp(λ1t)  −  (Q + λ2)exp(λ2t)] / (λ1 − λ2)   (5-II) 
 
In equation (5-II), St and S0 are the resonance fluorescence signal levels at times t and 0, 
and  
 
Q   =   k−5.ib  +  k5.9,         (5-III) 
−(λ1 + λ2)   =   Q  +  k5.8  +  (k5.ia + k5.ib) [TME],     (5-IV) 
λ1 λ2   =   Q (k5.8 + k5.ia[TME])  +  k5.9 k5.ib [TME],     (5-V) 
 
Observed Br temporal profiles for Br + TME are shown in Figure 5.4.  The temporal 
profiles were fit to the double exponential equation (5-II) using a non-linear least squares 
method to obtain values for the fit parameters S0, Q, λ1, and λ2.  Rearrangement of 
equations (5-III) – (5-V) gives the following relationships for the rate coefficients of 
interest: 
k5.ib   =   − (Q + k5.8 + k5.ia [TME] + λ1 + λ2) / [TME],    (5-VI) 
k5.9   =   {λ1λ2 – Q (k5.8 + k5.ia [TME])} / (k5.ib) [TME],    (5-VII) 
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k−5.ib   =   Q  –  k5.9                   (5-VIII) 
 
The background Br atom loss rate (k5.8) was directly measured by observing the RF decay 
in the absence of TME at each temperature and pressure.  At 298 K, k5.8 varied from  35 
s
-1
 at 25 Torr to 11 s
-1
 at 700 Torr.  Temperature dependent rate coefficients for the H-
abstraction pathway (k5.1a(T)) were obtained by extrapolation of the high-temperature 
(274 K ≤ T ≤ 420 K) kinetic data assuming Arrhenius behavior, i.e., a linear ln k5.1a vs. 
1/T dependence from 274 K down to 203 K.   
Experimental conditions and results of all Br + TME equilibration kinetics 
experiments are summarized in Table 5.2.  The values of the equilibrium constants given 
in Table 5.2 have been derived from the following relationship 
 
KP   =   k5.ib / (k−5.ibRT)   =   Kc / (RT)     (5-IX) 
 
The results at T = 212 ± 1 K and P = 25 and 700 Torr show that k5.1b and k−5.1b are 
dependent on pressure while KP is not, which is expected for an addition/dissociation 
reaction.  The observed pressure-independence of KP increases confidence that the non-
linear least squares fitting procedure is relatively free of systematic errors in the extracted 
rate coefficients.  Examination of Table 5.2 shows that the precision of multiple 
determinations of k5.ib and k−5.ib at a given temperature and pressure is quite good, 
approximately ±5 % for k5.ib and ±20 % for k−5.ib.  We estimate the accuracies (95% 
confidence level) of reported k5.ib and k−5.ib values are ±15 % and ±25% respectively.  
Hence, a reasonable estimate for the accuracies of reported values for KP is ±30 % (95% 
confidence level) over the full range of temperatures investigated.   
 
108 
A plot of ln KP vs 1/T, i.e., a van‟t Hoff plot, is shown in Fig. 5.5.  A linear least-




)   =   −(12.1 ± 4.0)  +  (5690 ± 860) / T  (Reactions ± 5.1b) 
 
Uncertainties in the above expression are 2σ and represent the precision of the fit 
parameters in the van‟t Hoff analysis.  As discussed later in this chapter, the slope and 









Figure 5.4.  Typical resonance fluorescence Br temporal profiles observed over 














) = (A) 9.73, (B) 23.6.  Solid lines through data at t > 0 
are obtained from non-linear least squares fits to equation (II).  Best fit parameters 
are (A): S0 = 2070, Q = 4660 s
-1
, λ1 = −10400 s
-1
, λ2 = −1680 s
-1
; (B): S0 = 2340, Q 
= 4170 s
-1
, λ1 = −19900 s
-1
, λ2 = −1650 s
-1























k5.1b k5.9 k −5.1b Kp 
 203 25 1110 13100 809 1310 5700 2.0 8.14 643 462 76.4 
 25 898 6470 688 673 5600 2.0 7.66 553 345 97.4 
 25 1500 3670 1080 339 5400 1.9 7.92 966 537 64.3 
 25 1640 5330 1200 493 5600 2.0 8.25 1040 601 59.5 
212 25 4080 15400 3070 1680 5800 2.1 6.91 2480 1600 18.7 
 25 2490 8480 1610 910 5700 2.0 6.66 1290 1200 24.2 
 25 2310 6540 1330 623 5200 1.9 7.22 1130 1180 26.1 
 25 2120 4380 1050 362 5100 1.8 7.41 990 1130 28.0 
211 100 2810 11500 1940 864 5600 2.0 10.6 1710 1100 38.8 
 100 1840 5810 1030 400 5400 1.9 10.8 941 902 47.8 
 100 1920 9330 1150 696 5300 1.9 10.6 991 928 45.8 
 100 1570 6880 863 531 5100 1.8 9.92 732 835 48.1 
212 200 2310 9810 1310 581 3600 1.0 13.4 1200 1120 46.8 
 200 2270 13500 1300 817 3600 1.2 13.7 1140 1120 47.4 
 200 2080 6930 1120 401 3700 1.2 13.1 1060 1020 50.1 
 200 2330 7160 1210 404 1600 1.2 13.2 1170 1160 44.5 
 700 5340 21200 2950 980 4700 1.3 17.5 2850 2490 26.6 
 700 5070 11900 2720 493 4800 1.7 17.6 2950 2120 31.5 
223 25 4080 7400 1190 537 8000 2.9 6.63 1100 2980 9.31 
 25 4660 10400 1680 973 7000 2.5 5.87 1280 3380 7.46 
 25 4040 14600 1650 1660 7800 2.8 5.58 1010 3040 7.99 
 25 4170 19900 1650 2360 7300 2.6 5.60 895 3270 7.44 
232 25 8340 22800 2590 2370 6400 2.3 5.38 1350 6990 3.26 
 25 6170 11900 1760 1270 6400 1.8 4.04 877 5290 3.50 
 25 7540 28800 2530 3650 6100 1.8 4.69 950 6590 3.12 
 25 7630 24400 2480 3040 6000 1.7 4.49 940 6690 2.98 
241 25 16200 28500 6180 3470 6100 2.2 3.43 3810 12400 1.30 
 25 13200 18900 3210 1680 5800 2.1 3.43 2120 11000 1.46 
 25 16200 21400 2370 1130 5600 2.0 4.88 2140 14000 1.47 
 25 12200 14500 1410 650 5900 2.1 3.85 1460 10800 1.62 








































Figure 5.5.  van’t Hoff plot for the reversible addition reactions, Br + TME ↔ 
Br−TME.  Solid line is obtained from least-squares analysis of ln KP vs 1/T data and 
gives the second-law thermochemical parameters reported in Table 5.9.  Data points 
are the average of all points at a specific T and P.  Dashed line represents the results of 
the third law analysis.  P = 25 Torr (open circles), 100 Torr (square), 200 Torr 





Br + 1,3-butadiene at 271 K ≤ T ≤ 356 K 
 Over the temperature range 271 – 356 K, kinetic evidence for reversible addition 
of Br to 1,3-butadiene was observed.  The relevant kinetic scheme for analysis of this 
equilibration data includes reactions (5.3a), (5.3b), (−5.3b), (5.8), and (5.9).  The rate 
equations for the reaction scheme can be solved analytically and predict a double 
exponential functional form analogous to that shown in equations (5-II – 5-VIII) but with 
[TME] replaced by [1,3-butadiene], k5.1a replaced by k5.3a, k5.1b replaced by k5.3b, and k−5.1b 
replaced by k−5.3b.  Observed temporal profiles for Br + 1,3-butadiene over this 
temperature range were analogous to the Br + TME data (see Fig 5.4) obtained from 203 
- 241 K.  Experimental conditions and results of all equilibration kinetics experiments are 
summarized in Table 5.3.  The equilibrium constants given in Table 5.3 have been 
derived from the relationship shown in equation (5-IX) with k5.3b replacing k5.1b and k−5.3b 
replacing k−5.1b.  The results at 298 ± 1 K show that k5.3b and k−5.3b are dependent on 
pressure while KP is not, which is expected for an addition/dissociation reaction.  The 
observed pressure-independence of KP increases confidence that the non-linear least 
squares fitting procedure is relatively free of systematic errors in the extracted rate 
coefficients.  Since the precision of multiple determinations of k5.3b and k−5.3b is quite 
good, approximately ±5% for k5.3b and ±20% for k−5.3b.  Hence, a reasonable estimate for 
the accuracies of reported values for Kp is ± 30% (95% confidence level) over the full 






Table 5.3.   Results of the Br + 1,3-butadiene + N2  ↔ Br−1,3-butadiene + N2 equilibration 
kinetics experiments.
a 
T P Q -λ1 -λ2 [C4H6]
 
[CF2Br2] [Br]0 k5.3b k5.9 k −5.3b Kp 
271 700 360 6690 192 376 962 1.7 1.30 197 163 21.6 
6 
  205 8490 55 465 910 1.4 1.35 56 149 24.5 
  270 3550 111 212 913 1.4 1.20 115 155 21.0 
  358 4980 180 288 933 1.4 1.26 186 171 19.8 
283 100 416 7140 141 676 1960 .89 1.01 146 270 9.74 
  297 4560 58 390 1990 .91 1.10 61 237 12.1 
  354 6060 104 522 1940 .89 1.11 108 246 11.7 
295 20 547 2330 211 365 1010 1.8 .405 242 305 3.30 
  518 1560 182 206 1020 1.5 .436 225 293 3.71 
  422 4090 81 670 1030 1.6 .418 86 336 3.09 
  554 2870 178 430 1030 1.6 .431 200 353 3.03 
297 50 709 1420 218 130 1410 4.3 .530 327 382 3.43 
  979 3680 283 375 1460 4.0 .596 345 633 2.33 
  811 2720 196 270 1430 3.9 .582 248 562 2.56 
  724 5210 91 592 1410 3.4 .581 101 623 2.30 
 100 1134 3280 147 202 1000 1.2 .851 203 930 2.25 
  1114 4870 109 339 981 1.2 .856 134 980 2.15 
  1203 4070 147 260 987 .90 .867 193 1010 2.12 
  1099 5920 89 444 985 .96 .830 104 995 2.05 
 200 1472 3970 238 195 986 1.5 1.05 339 1130 2.29 
  1510 6570 200 361 1090 1.7 1.09 247 1260 2.13 
  1480 5960 176 295 1050 1.6 1.12 223 1260 2.19 
  1538 8060 168 451 1050 1.6 1.12 199 1340 2.05 
  1532 4650 171 214 1030 1.3 1.15 236 1300 2.19 
 400 1870 7620 188 315 1030 2.5 1.42 237 1630 2.13 
  1836 7510 182 313 1060 2.7 1.41 229 1610 2.16 
  1695 4700 177 173 939 1.7 1.38 255 1440 2.36 
  1946 10400 206 458 981 1.8 1.42 244 1700 2.05 
  1971 8880 216 378 1000 1.8 1.42 266 1710 2.04 
 700 2144 10400 300 390 1060 3.5 1.64 362 1780 2.27 
  1903 6100 201 214 1210 3.6 1.54 273 1630 2.33 
  2068 12600 215 531 1180 3.6 1.53 249 1820 2.07 
  1894 5150 195 169 1160 3.2 1.53 285 1610 2.34 
311 25 1163 9050 182 1750 2230 1.1 .458 201 963 1.12 
  1165 9290 145 1750 2270 1.1 .472 159 1010 1.11 
 100 2281 16800 188 1920 1860 .85 .761 211 2070 .867 
  2282 17200 180 1920 1860 .85 .785 201 2080 .890 








Table 5.3.   Cont’d.
a 
T P Q -λ1 -λ2 [C4H6]
 
[CF2Br2] [Br]0 k5.3b k5.9 k −5.3b Kp 
311 250 3560 20600 129 1540 2930 1.3 1.12 153 3410 .773 
  3430 19600 105 1530 2930 1.3 1.06 124 3300 .758 
 500 4260 30900 144 2030 3810 1.9 1.32 161 4100 .759 
 700 4610 37200 208 2060 4040 1.2 1.59 235 4380 .855 
312 100 2190 4650 228 379 945 ..86 .708 387 1800 .925 
  2190 6400 209 604 1060 .97 .730 298 1890 .908 
  2390 8160 236 771 1120 1.0 .778 217 2070 .884 
  2110 5680 197 508 1130 1.0 .740 291 1820 .958 
  2120 7130 230 671 1150 1.1 .751 321 1990 .885 
  2450 10000 232 1010 1110 1.0 .772 295 2150 .843 
327 100 5660 10500 267 943 1460 1.3 .546 534 5130 .239 
  6140 17900 272 2070 1470 1.3 .585 398 5740 .229 
  6030 16700 258 1830 1430 1.4 .596 387 5650 .237 
  5910 13300 262 1330 1630 1.6 .579 445 5470 .238 
343 25 5570 10700 175 2130 1080 .99 .249 316 5260 .101 
  6350 20700 205 5800 1130 1.0 .251 275 6070 .088 
  6160 14800 190 3380 1100 1.0 .259 294 5870 .095 
  6490 19400 200 4830 1090 .99 .271 279 6210 .093 
  5310 9450 150 1840 1080 .99 .232 287 5020 .099 
356 25 10800 19100 190 4510 1310 1.2 .188 381 10400 .037 
  11100 23500 200 6470 1370 1.3 .195 341 10800 .037 
  9780 15500 163 3330 1350 1.2 .176 370 9410 .039 
  11200 22300 207 5500 1320 1.2 .203 373 10900 .039 
  9990 17500 163 4370 1350 1.2 .174 
 
324 9670 .037 
a





















A plot of ln KP vs 1/T, i.e., a van‟t Hoff plot, is shown in Fig. 5.7.  A linear least-
squares analysis of the data gives the following expression:  
 
ln Kp  =  − (9.8  ± 1.1) + (7270 ± 180)/T  (Reactions ± 5.3b) 
 
Uncertainties in the above expression are 2σ and represent the precision of the fit 
parameters in the van‟t Hoff analysis.  As discussed below, the slope and intercept of the 




Br + 1,3-butadiene at 227 K and 437 K   
Attempts were made to evaluate k5.3a.  Extrapolations of reversible Br addition 
data mentioned above to T = 437 K, suggests the Br−1,3-butadiene adduct is extremely 
short-lived at this temperature.  This would, allow for investigation of a potential H-
abstraction channel.  An experiment was conducted at 437 K and 25 Torr N2 in an effort 
to determine k5.3a, however, only an upper limit could be deduced as no reaction was 
observed. 
 









Hence, k5.3a(T) was taken to be zero for analysis of the Br + 1,3-butadiene equilibration 
kinetics over the range 271−356 K. 
Once the range of temperatures over which we could monitor Br + 1,3-butadiene 




 s) was established, 
experiments were carried out at temperatures low enough that adduct dissociation would 
not impact kinetics on our timescales.  Well-behaved pseudo-first-order Br atom kinetics 
were observed in studies carried out at 227 K.   Figure 5.1 is a good illustration of what 
the decays looked like for Br + 1,3-butadiene at 227 K.  The data are presented in Table 
5.4 and from the table it can be seen that the rate coefficient, k5.3b(227 K), increases with 
increasing pressure over the range 20 – 700 Torr. This behavior is consistent with the 








Table 5.4. Br + 1,3-butadiene at 227 K.
a
 
P # exp. [CF2Br2] [Br]0 [C4H6]max k’max k5.3b ± 2σ 
20 4 .96 .95 2.50 2579 1.02 ± .04  
50 6 1.2 1.5 2.46 2873 1.19 ± .13  
100 6 1.2 1.3 2.52 4011 1.58 ± .03  
200 5 .89 .80 2.36 4316 1.86 ± .08  
400 4 1.3 1.2 1.82 3757 2.08 ± .10  
700 6 1.6 1.5 2.28 5042 2.14 ± .23 
a 

















Br + isoprene kinetics at 273 K ≤ T ≤ 357 K 
Over the temperature range 273 – 357 K, kinetic evidence for reversible addition 
of Br to isoprene was observed.  The relevant kinetic scheme for analysis of this 
equilibration data includes reactions (5.5a), (5.5b), (−5.5b), (5.8), and (5.9).  The rate 
equations can be solved analytically, and predict a double exponential functional form for 
the Br decay analogous to that shown in equations (5-II – 5-VIII) but with [TME] 
replaced by [isoprene], k5.1a replaced by k5.5a, k5.1b replaced by k5.5b, and k−5.1b replaced by 
k−5.5b.  Experimental conditions and results of all Br + isoprene equilibration kinetics 
experiments are summarized in Table 5.5.  The values for equilibrium constants given in 
Table 5.5 have been derived from the relationship shown in equation (5-IX) with k5.5b 
replacing k5.1b and k−5.5b replacing k−5.1b.  Temperature dependent rate coefficients for the 
H-abstraction pathway (k5.5a(T)) were obtained by extrapolation of the high-temperature 
(526 K ≤ T ≤ 673 K) kinetic data (see below) assuming Arrhenius behavior, i.e., a linear 
ln k5.5a vs. 1/T dependence from 357 K down to 273 K.  The results at 298 (± 1) K and 
330 K show that k5.5b and k−5.5b are dependent on pressure while KP is independent of 
pressure, which is to be expected for an addition/dissociation reaction.  This result 
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increases confidence that the non-linear least squares fitting procedure is relatively free of 
systematic errors in the extracted rate coefficients.  Since the precision of multiple 
determinations of k5.5b and k−5.5b are quite good, we estimate that the absolute accuracies 
of reported k5.5b, k−5.5b, and Kp values are ± 15%, ± 25%, and ± 30%, respectively, over 
the full range of temperature and pressure spanned by the results given in Tables 5.5.  A 
plot of ln KP vs 1/T, i.e., a van‟t Hoff plot, is shown in Fig. 5.7.  A linear least-squares 
analysis of the data gives the following expression:  
 
ln KP  =  −(10.7 ± 0.6) + (7960 ± 284)/T  (Reactions ± 5.5b) 
 
Errors in the above expression are 2σ and represent precision only.  As discussed below, 
the slope of the van‟t Hoff plot is related to ∆rH for the reaction (5.5b) while the intercept 




).   
 
Br + isoprene at 526 K ≤ T ≤ 673 K   
Well-behaved pseudo-first-order Br atom kinetics were observed in studies 
carried out at 526 K ≤ T ≤ 673 K.  Observed Br atom decays from 526 – 673 K were 
found to be exponential and the pseudo-first-order Br atom decay rates were found to 
increase linearly with increasing isoprene concentration but were independent of laser 
photon fluence.  Bimolecular rate coefficients obtained from the slopes of k′ vs. 
[isoprene] plots are summarized in Table 5.6.  Observation of exponential decays, a linear 
increase of k′ with increasing [isoprene], and pressure independent bimolecular rate 
coefficients (Table 5.6) support the contention that the dominant reaction pathway at 526 
K ≤ T ≤ 673 K is H-abstraction.  Typical high temperature Br temporal profiles are 
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shown in Figure 5.8 and typical plots of k′ versus [isoprene] are shown in Figure 5.9.  An 
Arrhenius plot describing T dependence of the H abstraction reaction is shown in Figure 
5.10.  The best fit Arrhenius expression is 
 
k5.5a(T)   =   (1.29 ± 0.28) × 10
−11







Uncertainties in the above expressions are 2σ and represent the precision of the Arrhenius 
parameters.  We believe the largest systematic uncertainty in the determination of each 
bimolecular rate coefficient, k5.5a(P,T), lies in the determination of the reagent 
concentration in the reaction mixture; we estimate this uncertainty to be ± 10% 
independent of pressure and temperature.  Since the precision of the k5.5a(P,T) values 
tabulated in Table 5.6 is quite good (2σ ≤ 9 %), we conservatively estimate the accuracy 
of each reported value for k5.5a(T) to be ± 15%.  The least endothermic H-transfer 
pathway involves abstraction of a methyl hydrogen [Lou, 2007] and this is almost 



























Figure 5.6 Typical Br atom temporal profiles observed at 273 K ≤ T 
≤ 357 K for Br + isoprene.  Experimental conditions: T = 346 K, P = 50 









) = (A) 0.47, (B) 1.6.  Solid lines through data at t > 0 are 
obtained from non-linear least-squares fits to equation (II).  Best fit 
parameters (also shown in Table 2) are: (A) S0 = 4780, Q = 5884, λ1 = 
−8479, λ2 = −170 and (B) S0 = 4783, Q = 7094, λ1 = −18355, λ2 = −227.  





Table 5.5. Results of the Br + Isoprene + N2  ↔ Br−Isoprene + N2 equilibration kinetics 
experiments.
a 
T P Q  -λ1  -λ2 [isoprene] [CF2Br2] [Br]0 k5.5b k5.9 k−5.5b KP 
273 50 -61 22192 -102 1320 3400 2.9 1.68 -102 41 110 
  -115 11186 -163 634 3500 3.7 1.75 -163 48 98.8 
284 50 271 9401 149 628 3200 2.7 1.47 151 120 31.7 
  623 17893 461 1200 3400 3.1 1.47 465 158 24.1 
  354 4891 226 315 3500 3.2 1.50 231 123 31.7 
  488 14253 333 958 3500 3.3 1.47 336 152 25.0 
  245 3448 137 222 3600 3.3 1.50 141 104 37.1 
298 20 522 15566 302 137 5200 5.5 1.12 305 216 12.7 
  664 26033 391 2260 5200 5.5 1.14 395 270 10.4 
 50 752 9258 380 696 5500 5.5 1.27 395 357 8.80 
  771 14069 404 1130 4300 4.8 1.21 414 357 8.32 
  681 13629 297 1130 4300 4.6 1.17 305 376 7.67 
  578 6436 237 502 4200 4.9 1.21 249 330 9.01 
  592 6393 254 501 4200 4.3 1.20 266 326 9.07 
  788 11277 378 908 4100 4.3 1.19 391 397 7.40 
  760 12714 381 1040 4100 4.8 1.19 392 368 7.94 
 200 1384 39884 774 2270 3700 3.9 1.73 786 598 7.12 
  823 11650 378 656 3700 3.9 1.71 392 430 9.77 
  1351 22655 801 1030 3800 4.3 1.69 821 531 7.85 
297 700 252 8343 376 404 5800 6.8 1.94 398 454 10.6 
  600 4587 236 223 5800 6.0 1.89 255 345 13.5 
  887 11633 422 601 5700 5.9 1.86 439 447 10.2 
308 50 916 9395 237 830 3500 2.9 1.05 253 663 3.76 
  1001 22735 270 2000 6500 3.2 1.10 279 723 3.62 
  909 16713 218 1480 3500 3.4 1.08 226 683 3.77 
  803 7004 174 585 3500 3.4 1.09 188 615 4.21 
319 50 1551 8312 172 587 3300 3.1 1.18 200 1351 1.83 
  1687 22539 195 1800 3300 2.8 1.17 206 1481 1.65 
  1675 17126 213 1340 3300 3.1 1.17 229 1446 1.70 
  1423 5931 180 396 3300 3.0 1.18 219 1204 2.05 
330 50 3005 14287 209 1460 3200 3.0 0.79 253 2752 0.64 
  2858 7254 236 578 3300 3.0 0.80 354 2504 0.71 
  3038 16970 213 1800 3300 2.9 0.80 250 2788 0.63 
  2885 10243 219 945 3400 3.0 0.80 286 2599 0.68 
 700 4414 17611 254 899 4200 4.1 1.49 328 4086 0.81 
  4477 17892 304 887 4100 4.5 1.55 392 4085 0.84 
  4197 12086 297 549 4000 4.2 1.49 432 3765 0.88 
  4491 22133 292 1200 4000 4.2 1.49 357 4134 0.80 
  4396 21521 294 1170 4000 4.2 1.49 359 4037 0.82 
346 50 6468 9285 166 471 3600 3.4 0.63 466 6002 0.20 
  5884 8479 170 471 3600 3.4 0.58 470 5414 0.21 
  6983 14806 216 140 3700 3.4 0.70 377 6606 0.21 
  7094 18355 227 1620 3600 3.3 0.69 347 6747 0.20 






T P Q  -λ1  -λ2 [isoprene] [CF2Br2] [Br]0 k5.5b k5.9 k−5.5b KP 
348 50 7309 12844 203 803 1700 1.4 0.71 423 6886 0.22 
  7532 11942 196 609 1800 1.4 0.75 468 7064 0.22 
357 20 7693 14325 274 2000 3300 2.9 0.34 538 7154 0.099 
  8346 19800 282 3280 3400 2.9 0.36 456 7891 0.093 
  8159 17478 277 2560 3400 2.9 0.37 480 7669 0.10 
a






























Figure 5.7 van’t Hoff plots for Br + isoprene ↔ Br−isoprene and for 
Br + 1,3-butadiene ↔ Br−1,3-butadiene at 271 K ≤ T ≤ 357 K.  Solid 
lines are obtained from least-squares analyses of the ln KP vs 1/T data and 
give the second-law thermochemical parameters reported in Tables 5.9.  
All filled circles represent isoprene data while all open symbols represent 
1,3-butadiene data.   Dashed lines represent the results of the third-law 









Figure 5.8  Typical resonance fluorescence temporal profiles observed 
in kinetic studies of reaction (5.5a).  Experimental conditions: T = 610 













) = (A) 0, (B) 1.25, (C) 3.35; number 
of laser shots averaged = (A) 50, (B) 500, (C) 1500.  Solid lines are 
obtained from linear least-squares analyses and give the following pseudo-
first-order decay rates in units of s
-1
: (A) 35, (B) 480, (C) 1220 s
-1
.  Data 
were collected for 2000 channels with the multi channel scalar dwell time 
set to 500 μs (A), 50 μs (B), 20 μs (C).  For clarity, traces were scaled by 




















Figure 5.9  Plots of k′, the pseudo-first order Br atom decay rate, 
versus [isoprene] as a function of temperature.  All data shown were 
obtained at P = 50 Torr.  Solid lines are obtained from linear least-square 
analyses and the resulting bimolecular rate coefficients are listed in Table 



















.  Extrapolated 
intercepts are (2 ± 28) s
-1
 at 526 K, (37 ± 61) s
-1
 at 610 K, and (−32 ± 65) at 




Table 5.6. Kinetic data for Br + isoprene (5.5a) from 526 - 673 K.
a
   
T P N 
b 
CF2Br2 Brt=0 C5H8 max k′max k ± 2σ 
c 
526 50 5 4.5 8.2 3.83 911 2.28 ± .18 
555 50 5 5.4 4.7 3.72 1120 2.59 ± .23 
582 50 5 4.3 3.9 3.21 1251 3.41 ± .22 
610 50 5 6.0 6.1 3.35 1221 3.52 ± .19 
646 25 5 6.2 5.1 3.42 1846 4.72 ± .16 
650 150 5 6.8 5.9 3.79 1968 4.64 ± .25 






















N ≡ number of experiments; 
c 









Figure 5.10  Arrhenius plot for the Br + Isoprene H abstraction 
reacation.  The solid line is obtained from an unweighted linear least-
squares analysis and gives the Arrhenius expression reported in the text.  P 
= 25 Torr (closed square), 50 Torr (open symbols), 150 Torr (closed 




Br + Isoprene at 227 K  
Well-behaved pseudo-first-order Br atom kinetics were observed in studies 
carried out at T = 227 K, where decomposition of the Br−isoprene adduct is too slow to 
impact observed kinetics.  At this temperature, we were monitoring k5.5(P).  Table 5.7 
contains data over a wide range of pressures for the Br + isoprene reaction.  The data 
suggests 700 Torr is near the high-Pressure limit for this reaction. 
 
Table 5.7. Results for Br + isoprene at 227 K.
a
   
 
P # exp. [CF2Br2] [Br]0 [isoprene]max k′max k5.5 ± 2σ 
b 
20 5 7900 2.5 334 6756 1.99 ± .07 
50 5 5900 1.8 434 8350 1.98 ± .12  
100 5 7000 2.1 253 6011 2.39 ± .08  
200 5 8200 2.5 250 6097 2.51 ± .20  
400 5 8100 2.5 269 7166 2.67 ± .16 
700 4 9600 2.9 436 11634 2.73 ± .17 
a 

















Uncertainties are precision only. 
 
 
Br−alkene adduct thermochemistry 
Both second and third law methods were employed to evaluate the 
thermochemistry of the Br−alkene adducts.  In the second law approach, the enthalpy and 
entropy changes associated with Br−alkene formation (5.1b, 5.3b, 5.5b) are evaluated 
from the van‘t Hoff plots shown in Figures 5.5 and 5.7.  Since 
 
 ln Kp   =   (∆rS / R)  –  (∆rH / RT),      (5-X) 
 
the enthalpy change is obtained from the slope of the van‘t Hoff plot while the entropy 
change is obtained from the intercept.  At 223 K, near the midpoint of the experimental 
1/T range for the Br + TME reaction, this second-law analysis gives the results ∆rH  = 
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−44.8 ± 6.2 kJ mol
-1




.  At 312 K, the midpoint of the 
experimental 1/T range for the Br + 1,3-butadiene reaction, this second-law analysis 
gives the results ∆rH  = −60.4 ± 8.1 kJ mol
-1




.  For Br + 
isoprene, the midpoint of the experimental 1/T range is 319 K, and this second-law 
analysis gives the results ∆rH  =  −63.2 ± 8  kJ mol
-1





all uncertainties are 2σ and represent precision only.   
In addition to the second-law analysis, we have carried out a third-law analyses 
where experimental values for KP at the mid-points of the 1/T range investigated are 
employed in conjunction with a calculated entropy change to determine ∆rH.  The 





, 6.18 ± 1.8 at 223 K for Br−TME, 9.01 ± 2.7 at 312 K for Br−1,3-butadiene, and 18.1 ± 
5.4 at 319 K for Br−isoprene.  To evaluate ∆rS, absolute entropies as a function of 
temperature were obtained from the JANAF tables
 
for Br [Chase et al., 1985] and 
calculated using ab initio vibrational frequencies and moments of inertia for each alkene 
and each Br−alkene adduct; all vibrational frequencies and moments of inertia were 
obtained from electronic structure calculations carried out by our collaborator Michael L. 
McKee of Auburn University.   
The geometry of each alkene and the Br−alkene adducts were determined by the 
G4 method
 
[Curtiss et al., 2007] using the Gaussian09 program [Frisch et al., 2009].  The 
G4 method is a composite of several calculations and includes an extrapolation procedure 
and spin-orbit corrections for the bromine atom (−14.7 kJ mol
-1
).  The average absolute 
deviation from experiment for the G3/05 test set (454 experimental energies) is only 3.5 
kJ/mol.  Relevant parameters used in the calculations of absolute entropies and heat 
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capacity corrections are summarized in Table 5.8.  Theoretical bond strengths are also 
tabulated in Table 5.9 and agree reasonably well with the experimental values.     
In arriving at the above uncertainties in ∆rS, we assume that the frequencies of the 
three lowest frequency Br−alkene vibrations could differ from the values given in Table 
5.8 by ± 25 cm
-1
.  Appropriate heat capacity corrections have been employed to obtain 
∆rH values at 298 and 0 K; the results are summarized in Table 5.9.  The thermochemical 
parameters determined from the second- and third-law analyses agree within their 
combined uncertainties; however, the third-law uncertainties are smaller.  Hence, we feel 
it appropriate to report the third-law results as the experimentally determined values for 
∆rH(5.ib).    In units of kJ/mol, ∆rH(5.1b): =  −47.1 ± 3.0 at 0 K and  −47.3 ± 3.0 at 298 
K; ∆rH(5.3b):  =  −67.1  ± 4.5 at 0 K and −69.4 ± 4.0 at 298 K;  ∆rH(5.5b): =  −69.4 ± 4.0 
at 0 K and −70.1 ± 4.0 at 298 K.  Uncertainties are accuracy estimates at the 95% 
confidence level. 
The dashed lines in Figures 5.5 and 5.7 are generated from equation (5-X) using 
third law values for ∆rS and ∆rH.  The mathematical expressions represented by the 




)   =   −12.2  +  5750 / T    (Br + TME, third law analysis) 
ln KP (atm
-1
)   =   −12.9  +  8310 / T  (Br + 1,3-butadiene, third law analysis) 
ln KP (atm
-1
)   =   −12.0  +  8430 / T    (Br + isoprene, third law analysis) 
 
The values for ∆rH obtained above can be used in conjunction with literature values for 
the standard enthalpies of formation of Br
 
[Chase et al., 1985], TME [Lias et al., 1988], 
isoprene [Fraser and Prosen, 1955], and 1,3-butadiene [Prosen and Maron, 1951; 
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Prosen and Rossini, 1945] to deduce values for the standard enthalpy of formation of 
each Br−alkene adduct at 298 K, in units of kJ mol
-1 
∆fH298 (Br-TME) =  −4.6 ± 7.3, 









Figure 5.11.  Lowest energy theoretical structures for each of the Br-alkene 
adducts.  Top left: C1 symmetry structure of Br−1,3-butadiene; Top right: C1 
symmetry structure of Br−isoprene; Bottom: The C2 symmetry structure of Br−TME.  
The numbers represent the bond distances for each of the C−Br bonds in Angstroms.   
 
128 
Table 5.8.  Summary of parameters used in calculations of absolute entropies and heat capacity 
corrections for each Br + alkene reaction. 
 Br TME Br−TME 
g0 4 1 2 
g1 2   
∆ε (cm-1)
a
 3685.24   
σ  4 2 
Rot. Constants (GHz)
b





  49, 92, 135, 157, 173, 343, 
346, 410, 418, 493, 529, 
688, 900, 946, 957, 976, 
1021, 1057, 1096, 1108, 
1157, 1195, 1271, 1401, 
1408, 1414, 1434, 1469, 
1475, 1478, 1491, 1495, 
1499, 1502, 1505, 1742, 
3010, 3012, 3016, 3021, 
3050, 3051, 3054, 3054, 
3140, 3142, 3158, 3159 
57, 92, 99, 101, 111, 131, 144, 
158, 335, 362, 410, 414, 482, 
490, 691, 897, 937, 948, 988, 
994, 1049, 1078, 1085, 1180, 
1194, 1292, 1401, 1401, 1405, 
1416, 1454, 1462, 1465, 1475, 
1483, 1488, 1502, 1508, 1612, 
3016, 3017, 3024, 3025, 3089, 
3090, 3099, 3099, 3154, 3156, 
3168, 3169 
  ,3-butadiene Br−1,3-butadiene 
g0 4 1 2 
g1 2   
∆ε/cm
-1a















176, 294, 514, 544, 788, 
901, 937, 941, 1001, 1011, 
1069, 1228, 1318, 1320, 
1421, 1477, 1662, 1714, 
3134, 3144, 3149, 3150, 
3234, 3234 
79, 152, 261, 280, 475, 506, 
573, 801, 845, 855, 952, 1011, 
1078, 1161, 1192, 1234, 1289, 
1356, 1475, 1499, 1526, 3116, 
3138, 3156, 3166, 3191, 3252 
  isoprene Br−isoprene 
g0 4 1 2 
g1 2   
∆ε/cm
-1a















164, 209, 277, 413, 426, 
533, 649, 794, 796, 930, 
937, 965, 1012, 1041, 1074, 
1091, 1328, 1330, 1411, 
1435, 1462, 1481, 1503, 
1669, 1708, 3029, 3080, 
3121, 3140, 3148, 3158, 
3230, 3237 
37, 66, 119, 215, 290, 345, 
396, 489, 541, 633, 779, 842, 
884, 984, 993, 1029, 1048, 
1110, 1183, 1259, 1281, 1370, 
1408, 1447, 1479, 1491, 1493, 
1537, 3022, 3083, 3115, 3117, 
3139, 3165, 3191, 3253 
a
∆ε ≡ energy splitting between the lowest two electronic states; neither of the di-alkenes in question 
here has low-energy excited states and the adducts are assumed to have none. 
b
Calculated values at 
the B3LYP/6-31G(2d,p) level of theory.
c






Table 5.9.  Thermochemical parameters for Br + Alkene ↔ Br−Alkene.  
T  (K) Method −∆rH (kJ mol
-1









Br + TME→ Br−TME 
223 Second law 47.3 ± 7.1 
b 
100.4 ± 28 
b 
 
 Third law 47.6 ± 3.0 
c 
102.8 ± 10.0 
c 
 
0 Second law 46.7 ± 7.7 
b 
  





55.9 ± 3.5 
e 
  





 Third law 47.3 ± 3.0 
c
 101.5 ± 10.0 
c 




56.1 ± 3.5 
e 
  
Br + 1,3-butadiene → Br−1,3-butadiene 
312 Second law 60.4 ± 7.0 
b
 81.4 ± 19.1
 b
  
 Third law 69.1 ± 4.0 
c
 107.6 ± 11.0  
c
  
0 Second law 58.3 ± 7.6 
b
   
 Third law 67.1 ± 4.5 
c
   
 G4 theory
 d 
66.9 ± 3.5 
e
   
298 Second law 60.4 ± 7.0 
b
   
 Third law 69.2 ± 4.0 
c
 107.8 ± 11.0  
c





69.0 ± 3.5 
e
   
Br + isoprene → Br−isoprene 
319 Second law 63.2 ± 8.0 
b
 80 ± 26 
b
  
 Third law 70.1 ± 4.0 
c
 99.9 ± 11.0  
c
  
0 Second law 62.5 ± 8.5 
b
   
 Third law 69.4 ± 4.0 
c
   
 G4 theory
 d 
72.6 ± 3.5 
e
   
298 Second law 63.3 ± 8.0 
b
   
 Third law 70.1 ± 4.0 
c
 100.2 ± 11.0  
c





75.6 ± 3.5 
e










Values are based on third law results; 
b
 Uncertainty is 2σ, precision only; 
c
 Uncertainty is estimated 
accuracy at the 95 % confidence level; 
d
 The level of optimization is B3LYP/6-31G(2df,p); 
e
 
Uncertainty represents average deviation between experiment and theory for a test set of 454 




Br−alkene + O2 reactions 
Observations of perturbation to ―approach to equilibrium‖ kinetics upon addition 
of O2 to CF2Br2/alkene/N2 reaction mixtures allows the Br−alkene + O2 rate coefficients, 
k5.2, k5.4, and k5.6 to be evaluated.  The data shown in figures 5.12 and 5.14 illustrate how 
the addition of O2 perturbs the Br approach to equilibrium kinetic data.  Rate coefficients, 
ki(P), (i = 5.2, 5.4, 5.6), are obtained from the slopes of k5.9 vs. [O2] plots as shown in 
Figure 5.13 and 5.15.  The reactions (5.2, 5.4, and 5.6) compete with reactions (−5.1b, 
−5.3b, and −5.5b) respectively, for removal of the Br−alkene.  Hence, the slow 
component of the double exponential decay increases with increasing [O2].  If O2 is 
added in sufficient excess the Br decay should become exponential, and the slope of a 
plot of the pseudo-first order Br decay rate vs. [alkene] should give the sum of the H-
abstraction and forward addition rate coefficients, i.e., k5.1a + k5.1b (for Br + TME), k5.3a + 
k5.3b (for Br + 1,3-butadiene), and k5.5a + k5.5b (for Br + isoprene).  Table 5.10 summarizes 
the Br−alkene + O2 results obtained under conditions where double exponential decays 
were observed, and Table 5.11 shows kinetic data for experiments where O2 was added in 
sufficient excess that observed decays were exponential, i.e., Br loss is irreversible on the 
timescale of our experiments.   
 
Br−TME + O2  The values for k5.1a + k5.1b obtained from the data summarized in Table 
5.11 agree well with the sum of the k5.1a values obtained from extrapolation of high 
temperature data (Table 5.1) and k5.1b values reported in Table 5.2 for the Br + TME 
reaction.  At 223 K, the Br−TME rate coefficient (k5.2) increases with increasing N2 












Br−1,3-butadiene + O2  For the Br + 1,3-butadiene reaction, the H-abstraction rate 
coefficient is negligible and values for k5.3 shown in Table 5.11 agree well with values for 
k5.3b obtained from the non-exponential fits to equation (5-II) (see Table 5.3).  At 311 K, 









.  Figure 5.15 shows k5.9 vs [O2] for the Br−1,3-butadiene + O2 
reaction. 
 
Br−isoprene + O2  Figure 5.14 illustrates the effect of increased [O2] on observed 
kinetics.  Figure 5.15 shows k5.9 vs [O2] as a function of P for the Br−isoprene + O2 rate 
coefficient.  The Br−C5H8 + O2 rate has been determined to be independent of pressure 


































[O2]max [CF2Br2] [Br]0 [TME] k′max k5.2 ± 2σ 
c
  
223 200 6 7900 5200 4.0 1300 4600 47 ± 6 
223 25 7 8000 5300 4.6 1550 3960 39 ± 5 
  
    [C4H6]  k5.4 
c
  
311 25 8 54000 2250 1.1 174 1889 3.2 ± 0.3 
 100 5 46000 1900 .90 990 1760 3.1 ± 0.1 
 100 8 61000 1900 .89 193 2240 3.4 ± 0.3 
 250 7 66000 2800 1.3 155 2930 4.1 ± 0.5 
 500 5 89000 3700 1.9 205 4097 4.2 ± 0.7 
 700 5 82000 2000 1.1 208 4190 4.7 ± 1.0 
  
    [C5H8]  k5.6 
c
  
297 50 7 30000 2600 2.9 360 1280 3.11± 1.4 
 50 7 74100 2400 2.5 560 2750 2.95± 0.68 
 50 4 44300 2000 2.0 900 2240 4.07± 0.83 
 50 5 27200 2000 2.2 300 880 2.61± 0.24 
 700 5 45900 2100 2.6 500 1780 3.09 ± 0.74 
a 
Units are T (K); P (Torr); k’ (s
-1















 N ≡ number of experiments; 
c
 Uncertainties are 2s, precision only.   
 
 















212 200 9 387 5240 14.0 ± 0.90 









300 700 5 780 12608 15.6 ± 1.6 







298 5.5 5 430 2600 5.51 ± .22 
298 10 5 380 3040 8.03 ± .16 
298 10 5 420 3520 7.80 ± .63 
298 10 3 360 2700 7.77 ± .29 
298 20 7 260 2620 10.4 ± .57 
298 50 5 260 4000 14.1 ± .56 
298 50* 6 220 2800 12.6 ± .64 
298 250 5 300 5010 17.1 ± .78 
298 250 9 580 9750 16.4 ± .50 
298 700 7 570 10500 18.3 ± .75 
a




for TME and butadiene 




for isoprene reactions;  
b 




























Br + 1,3-butadiene experiments 
with excess O2 were conducted to show that the rate coefficient was equal to the forward addition 
rate coefficient derived from the nonexponential fits; * Br2 photolysis at 355 nm was employed as 














Figure 5.12.  Typical data showing the dependence of observed resonance 
fluorescence temporal profiles on [O2]. Experimental conditions: P = 25 Torr, T = 




: [TME] = 160; [O2] = (A) 0, (B) 
210, (C) 690; [CF2Br2] = 535 ± 15; [Br]0 ~ 0.4 ± 0.1. Solid lines are obtained from 
non-linear least squares fits to equation (II). Best fit parameters are (A): S0 = 3560, Q 
= 4310 s
-1
, λ1 = −13100 s
-1
, λ2 = −1780 s
-1
; (B): S0 = 3570, Q = 5060 s
-1
, λ1 = −12800 
s
-1
, λ2 = −2360 s
-1
; (C): S0 = 2610, Q = 6690 s
-1
, λ1 = −12400 s
-1
, λ2 = −4390 s
-1
. For 
clarity, traces (A) and (C) are scaled by factors of 2 and 0.5, respectively. 
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We believe that the largest contributor to the intercepts of the plots shown in Figure 5.13 
and 5.15 is reaction of Br−alkene with background O2 in the reaction cell.  For 
convenience of operation, the apparatus is assembled with significant amounts of Teflon 
tubing (somewhat permeable to O2) as well as a number of valves and Cajon fittings that 
are susceptible to small leaks.  Hence, some background O2 in the reaction cell is 
expected.  In studies (employing the same apparatus) of the kinetics of reversible addition 
of Cl atoms to CH3I [Ayhens et al., 1997], CH3CH2I [Orlando et al., 2005], and 
(CH3)2SO [Nicovich et al., 2006], where the formed adducts do not react with O2 at 
measurable rates [Dookwah-Roberts et al., 2008a; 2008b; Kleissas et al., 2007], values 
of k5.9 extracted from analysis of the double exponential decays are much smaller than 
those obtained in this study.  The data shown in Figure 5.13 and 5.15 suggests that the 
mole fraction of O2 in reaction mixtures where O2 was not intentionally added to the 
mixture was typically around 10
−4
 (it appears to have varied over the approximate range 2 
× 10
−5
 to 5 × 10
−4



























Figure 5.13.  Plots of k5.9 versus [O2] for data obtained at T = 223 K for Br + 
TME.  Circular points and solid lines represent data obtained at P = 25 Torr in two 
separate sets of experiments carried out on different days, whereas square-shaped 





) = 5.3 (open circles), 16 (filled circles), 13 (squares). Lines are 
obtained from linear least-squares analyses and lead to the bimolecular rate 


















Figure 5.14  Typical data showing the dependence of observed 
resonance fluorescence temporal profiles on [O2].  Experimental 





: [isoprene]  1.7; [O2] (A) 0, (B) 150, (C) 1500; [CF2Br2] = 
50; [Br]0 ~ .05.  Solid lines are obtained from non-linear least-squares fits 
to equation (II).  Best fit parameters are: (A) S0 = 2057, Q = 681, λ1 = 
−4081, λ2 = −144; (B) S0 = 2393, Q = 872, λ1 = −3782, λ2 = −457.  Trace 
(C) was exponential with a decay of 3100 s
-1
.  For clarity, traces (A) and 





















Figure 5.15. Plots of k5.9, the pseudo-first order rate of loss of adduct 
that does not regenerate Br, versus [O2] for Br−isoprene (black) and 
Br−1,3-butadiene (red).  The rate constant for the Br−isoprene adduct 
reaction with O2 at 298 K is (3.05 ± .48)  10
−13
 independent of pressure 
(black open squares = 50 Torr and black open circles = 700 Torr), while 
the rate coefficient for the Br−1,3-butadiene adduct reaction with O2 
increases slightly (3.1-4.7  10
−13
) with increasing P, data for T = 311 K, P 
= 100 (red filled squares) and P = 700 Torr (red filled circles) are shown 
here; additional Br−alkene + O2 data can be found in Table 8.  Solid lines 
are obtained from linear least-square analyses and give the resulting 





Pressure Dependence of Br Association Reactions with 1,3-Butadiene and Isoprene 
Experiments employing excess amounts of O2 have been performed as a function 
of T and P.  298 K falloff curves (Fig 5.16) describing the pressure dependence of the 
overall Br + Isoprene (5.5a + 5.5b) and Br + 1,3-butadiene reactions (5.3a + 5.3b) have 
been derived by adding excess amounts of O2; i.e., enough O2 so that loss of Br was 
irreversible on the timescale of our experiments.  Since the H-abstraction rate coefficients 
(k5.3a and k5.5a) are negligibly slow at 298 K, these experiments are observing the kinetics 
of the association reactions (5.3b and 5.5b).  The results were obtained by analyzing 
exponential decays that follow the relationship described by equation (5-I).  Table 5.11 
includes all data obtained in the presence of excess O2.  Rate coefficients were found to 
increase with increasing pressure at all temperatures investigated (see Tables 5.5, 5.4, and 
5.11).  To provide a parameterization that is convenient for representing pressure 
dependent kinetic data in atmospheric models and in Figure 5.16, the data were fit to the 
following expression [Sander et al., 2011].   
 
    (5-XI) 
 
In eq 5-XI, k0 and k∞ are approximations to the low and high pressure limiting rate 
coefficients and 0.6 is a fixed value representing the broadening parameter, Fc; although 
Fc is dependent on both the identity of the bath gas and the temperature [Troe, 1979; 
1983; Luther and Troe, 1978], assuming Fc=0.6 allows data to be fit well over the range 
of conditions typically encountered in the atmosphere [Sander et al., 2011].  The pressure 
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dependent data for Br + isoprene and Br + 1,3-butadiene at 298 K are plotted in Figures 
6.4 and 6.5, respectively.   
The temperature dependence the Br + isoprene association reaction at P = 50 Torr 
N2 is best described by the following Arrhenius expression over the range 210 K ≤ T ≤ 
298 K (see Figure 5.17) 
 
k5.5(T) = (2.5 ± 0.7) × 10
−11

















Figure 5.16. A falloff curve showing kib(P) (i=3,5). Red circles represent 
Br + isoprene (5.5 – 700 Torr at 298 K with [O2] = 1.1-3.2  10
16
, data is 
shown in Table 5.11) and black squares for Br + 1,3 butadiene (20-700 
Torr at 298 K).  Open symbols represent data points that represent the 
average of the 297 K forward rates found in Tables 5.3 and 5.5).  Filled 
symbols represent data obtained by adding excess O2 to the reaction 



















Figure 5.17.  Arrhenius plot for k5.5 (T) at 210 K ≤ T ≤ 298 K.  





.  Best fit expression is k = (2.48 ± 0.7) × 10
−11














Bierbach et al. [1996] report results from a relative rate study where several Br + 
alkene reactions were investigated at 298 K and 1000 mbar synthetic air.  These 
researchers determined the overall rate coefficient for the Br-initiated oxidation of 








with 1,3-butadiene as the competitor.  They 









where the reference reactant was TME.  Bierbach et al. measured the rate coefficient for 








, using trans-2-butene as the reference 








in a relative rate study using propene as the reference reactant.  They 









relative rate study using acetaldehyde as the reference reactant.  The rate coefficient for 
Br + acetaldehyde, which has been measured absolutely, was assumed by Bierbach et al. 








.  The currently recommended Br + acetaldehyde rate 








 [Atkinson et al., 2006; Sander et al., 2011], 
suggesting that all rate coefficients reported by Bierbach et al. should be scaled upward 
by a factor of 3.9/3.6 = 1.08.  Our observed 298 K, 700 Torr rate coefficients, k5.3 and 
















, respectively.  
Although our experiments were not conducted in 1000 mbar air, our experiments 
conducted in the presence of O2 indicate that less than 1 Torr of O2 is needed to scavange 
all of the Br−alkene adduct formed by reactions 5.3 and 5.5.  Hence, we feel we can 
directly compare our results with that from the Bierbach et al. results which were 
obtained in 1000 mbar air.  While our new rate coefficients are significantly larger than 
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that reported by Bierbach et al., a comparison of our “relative rates” for reactions 5.3 and 
5.5 with the relative rates reported Bierbach et al. yields k5.5/k5.3 = 1.17 and k5.5/k5.3 = 
1.29, respectively.  Thus, our “relative rates” are in reasonable agreement with that from 
Bierbach et al. within combined experimental uncertainties.   
Our data for the Br + TME reaction cannot be compared directly with that from 
Bierbach et al. [1996] due to experimental limitations on time resolution and Br atom 
detection sensitivity in the presence of large quantities of O2.  We were unable to 
quantitatively evaluate k5.1b, k−5.1b, and k5.2 at the temperature, pressure, and [O2] 
employed by Bierbach et al.  However, in an effort to assess the consistency of our 
results with those from Bierbach et al., we can make several reasonable assumptions and 
extrapolations from our low temperature data to derive an estimate for k5.1b at T = 298 K 
and P = 700 Torr.   
If we assume that in the experiments of Bierbach et al., TME regeneration could 
not occur following conversion of Br−TME to a peroxy radical via reaction (2) then the 
Br + TME rate coefficient measured by Bierbach et al., kBier, can be expressed in terms of 
the rate coefficients for elementary steps as follows:  
 
kBier   =   k5.1a  +  k1b (1+X)
−1
,        (5-XII) 
X   =   k−5.1b (k2 [O2])
−1
.
   
   (5-XIII) 
 














, is a factor of 1.4 faster than our reported value for the H-
abstraction rate coefficient, k5.1a(298 K).   
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 The following reasonable extrapolations of our low temperature data seem to 
suggest a lack of consistency between our results and those of Bierbach et al.  We have 








, and the 
pressure dependence of k5.1b at this temperature indicates that 700 Torr is near the high 
pressure limit (see Table 5.2).  Typically, rate coefficients for association reactions such 
as reaction (5.1b) do decrease with increasing temperature, but it seems unlikely that k5.1b 
at P = 1 bar would decrease by more than a factor of 5 between 212 K and 298 K; hence, 








.  Additionally, 
in order to compare our data with the data reported by Bierbach et al. we must consider 
the competition between adduct reaction with O2 and adduct unimolecular decomposition.  
Based on our low temperature measurements of the Br−TME + O2 rate coefficient (k5.2), 













 under the experimental conditions employed by Bierbach et al. [1996].  
Using an equilibrium constant obtained from equation (X), the third law values for 
ΔrH(298 K) and ΔrS(298 K), and an estimate of the minimum k5.1b obtained as described 




.  Thus, our results suggest that at least 93% of 
Br−TME is scavenged by O2 under the experimental conditions employed by Bierbach et 








, i.e., at least a factor of 2 larger 
than the value reported by Bierbach et al. [1996].  It is worth noting that the analysis 
described above is based on the assumption that the Br−TME + O2 reaction is irreversible 
with regards to regeneration of TME under both our experimental conditions and those of 
Bierbach et al.    
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The one additional experimentally reported rate coefficient for the Br + TME 
reaction [Bedjanian et al., 2000] can be compared directly with our data.  By monitoring 
the appearance of HBr in experiments carried out at 1 Torr total pressure in He bath gas, 
Bedjanian et al. obtained the following Arrhenius expression for the H-abstraction 
reaction; k5.1a = (2.4 ± 0.6) × 10
−11
 exp{(−75 ± 130)/T} (233-320 K) in reasonable  
agreement with the Arrhenius expression obtained in this study.   
 
Thermochemistry 
Bedjanian et al. [2000] have determined the temperature dependence of the 
product of the equilibrium constant for Br−TME formation/dissociation and the rate 
coefficient for Br−TME reaction with Br2, from which they deduce the enthalpy change 
associated with Br−TME formation to be −41±9 kJ/mol, in reasonable agreement with 
the second (47.0 kJ/mol) and third law values (47.3 kJ/mol) for ∆rH obtained in this 
study.  There are no reported bond strengths which we can compare our results for 
Br−1,3-butadiene or Br−isoprene.  However, the Br−1,3-butadiene and Br−isoprene 
adducts characterized in this study are much more strongly bound, 69.2 and 70.2 kJ/mol 
respectively, than other Br−alkene adducts for which literature results are available 
[Barnes et al., 1989; Frisch et al., 2009; Chase et al., 1985; Lias et al., 1988; Atkinson, 
2006; Ferrell, 1998].  The increased stability can be attributed to the allyl-resonance 
stabilization effect as the result of conjugated double bonds, i.e., 298 K C−Br bond 
strengths in Br−isoprene and Br−1,3-butadiene are ~70 kJ/mol whereas 298 K C−Br 
bond strengths for Br−MVK (MVK ≡ methyl vinyl ketone) [Huskey, 2008], Br−TME, 
and Br−ethylene [Ferrell, 1998] are 49, 47, and 29 kJ/mol, respectively.   
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Implications for Atmospheric Chemistry 
 
Our findings suggest that the Br + olefin reactions are significantly faster under 
atmospheric conditions than previously thought.  Examination of the effect of added O2 
on Br atom kinetics under conditions where reversible adduct formation is observed 
allows rate coefficients for the Br−olefin + O2 reactions to be determined.  Results from 
the Br−olefin + O2 experiments provide further evidence of the effect of allyl-resonance 
stabilized bromoalkyl radicals.  The rate coefficient for the Br−TME + O2 reaction is ~ 10 
times larger than the rate coefficients for the Br−isoprene + O2 and Br−1,3-butadiene + 
O2 reactions.  Our results suggest that, for the bromoalkyl radicals investigated in this 
study (Br−isoprene, Br−1,3-butadiene, and Br−TME), bromoalkyl radical reaction with 
O2 occurs considerably more rapidly under atmospheric conditions than bromoalkyl 
radical unimolecular decomposition.  Hence, the near gas kinetic addition reactions 
appear to control the rate of olefin loss by reaction with Br in the atmosphere.     
Table 5.12 shows a comparison of the lifetimes of each alkene towards oxidation 
by various species.  While such comparisons are difficult to make due to the dependence 
on oxidant concentrations employed in each lifetime calculations, the table helps to 
illustrate the impact that Br kinetics could have on the alkenes of interest.  A few 
highlights from the data in the table include (i) NO3 will dominate TME chemistry at 
night, however, during the daytime hours Br chemistry could play an important part in 
the oxidation of TME in certain environments, (ii) the Br reaction could play a role as a 
significant loss pathway for isoprene and 1,3-butadiene in environments where [Br] are 
sufficiently high enough.  This could especially be important in the case of isoprene 
given that isoprene is so prevalent in our atmosphere.   
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τ (297 K) τ (212 K) 297 K 212 K 
TME 
297 K 212 K  Clean enviromnemt References for kx 
1.1 × 10
-10
 1.1 × 10
-10




  NO3 35 s  (2)  
1.1 × 10
-15
 7.3  × 10
-16 
O3 15 min. 23 min. (3), (4) 
1.2 × 10
-10
 1.8 × 10
-10




 1.0 × 10
-10
 OH 4.1 hrs. 2.8 hrs. (5) 
1.0 × 10
-13
  NO3 5.5 hrs.  (6)  
6.5 × 10
-18
 5.5 × 10
-19











 1.6 × 10
-10
 OH 2.8 hrs. 1.7 hrs. (8) 
7.3 × 10
-13
 4.0 × 10
-13




 9.2 × 10
-19
 O3 21 hrs 12.6 d (8) 
3.6 × 10
-10
 3.6 × 10
-10 




 2.7 × 10
-10
 Br 6.6 min. 4.4 min. This work 
a
Estimated concentrations (molecule cm
-3
): [Br]=1.4 × 10
7
 [Boudries and Bottenheim, 
2000]; [OH] = 1 × 10
6 
(global avg.) [Seinfeld and Pandis, 2006]; [NO3] = 5 × 10
8
 (12 hr 
nighttime avg.)[Atkinson, 1997]; [O3] = 1 × 10
12
 [Seinfeld and Pandis, 2006]; [Cl] = 1 × 
10
5
 [Wingenter, 2005]; 
b
kOH(T) not known, we assumed no T dependence; 
c
 estimate 
based on our direct measurement of k5.3(227 K) = 2.1 × 10
-10
.  References: (1) Atkinson 
and Aschman, 1984, (2) Atkinson, 1997, (3) Huie and Herron, 1975, (4) Drozd et al., 










THE REACTIONS OF ATOMIC CHLORINE WITH 
DIMETHYL SULFIDE AND DIMETHYL SELENIDE:  H-






Dimethylsulfide (DMS) constitutes roughly half of all biogenic sulfur emissions 
to the atmosphere [Bates et al., 1994].  DMS is emitted in large quantities from the 
oceans as a result of biological activity in seawater, and its oxidation products, mainly 
sulfur dioxide and methane sulfonic acid, are thought to play an important role in particle 
formation and growth in the marine environment [Charlson et al., 1987; Andreae et al., 
1994].  The formation of aerosols can have significant impact on the Earth‟s radiation 
budget by serving as cloud condensation nuclei (CCN).  Non-sea-salt aerosols are a major 
source of CCN in the marine boundary layer (MBL), and the primary component of non-
sea-salt aerosol in the (MBL) is sulfate which results from gas phase oxidation of DMS 
[Andreae et al., 1994].   
Similar to its analog DMS, dimethyl selenide (DMSe) is found to be the most 
abundant volatile Se species in the atmosphere and in surface seawater.  As a result of the 
geochemical and physiochemical similarities between selenium and sulfur, the 
atmospheric oxidation mechanisms of DMS and DMSe are presumed to be quite similar.  
It has been thought that DMSe is produced via a similar pathway to DMS in 
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cocolithophorid, which is the most widespread species of plankton in the ocean 
[Armoroux et al., 2001].  Although DMSe exists in much lower abundance than DMS, 
their concentrations have been found to be linked in marine environments.  Despite this 
linkage, DMS chemistry has been the subject of many studies while the chemistry of 
DMSe has hardly been studied at all. 
It is well established that the oxidation of DMS is initiated by reaction with OH, 
BrO, and NO3, however, there is also evidence that Cl atoms may play an important role 
as an oxidant for DMS in some locales [Urbanski and Wine, 1999].
 
 It has been reported 
that levels of Cl atoms in the marine boundary layer can be 1-10% of OH levels 
[Wingenter et al., 2005],
 
and recent published work suggests a significant Cl production 
rate even in the middle of the continental United States [Thornton et al., 2010].  
Furthermore, recent laboratory and theoretical research has shown that the heterogeneous 
reaction of N2O5 with HCl may represent a significant source of tropospheric ClNOx 
species that can readily undergo photolysis to produce Cl atoms [Raff et al., 2009].  
Depending on the relative rate coefficients for OH and Cl (Cl reactions are often faster 
than the corresponding OH reactions) and depending on local Cl concentrations, Cl 
reactions could be competitive with OH reaction as an atmospheric loss process for DMS 
and/or DMSe. 
While there have been numerous laboratory [Urbanski and Wine, 1999; Stickel et 
al., 1992; Diaz-de-Mera et al., 2002; Butkovskaya et al., 1994; Kinnison et al., 1996; 
Langer et al., 1996; Arsene et al., 2005; Zhao et al., 1996; Nielson et al., 1990] and 
theoretical [Resende and DeAlmeida, 1997; Enami et al., 2004; Thompson et al., 2002; 
Wilson and Hirst, 1997; McKee, 1993] studies pertaining to the Cl + DMS reaction, 
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quantitative assessment of the role of Cl as a DMS oxidant in the marine boundary layer 
is currently not possible because (i) Cl mixing ratios are not well established and (ii) as a 
result of disagreements in published laboratory studies, neither the rate nor the 
mechanism of the Cl + DMS reaction is well-established.   
There has been increased uncertainty with regard to the fate of the Cl−DMS 
adduct, under conditions relevant to the atmosphere.  It has been reported that 
dissociation channels to yield CH3 + CH3SCl or CH3S + CH3Cl are very minor pathways 
[Langer et al., 1996; Zhao et al., 1996].  Several groups have investigated the interaction 
(or lack thereof) between the adduct and O2, and there is considerable disagreement 
[Urbanski and Wine, 1999; Kinnison et al., 1996; Arsene et al., 2005; Enami et al., 2004; 
Thompson et al., 2002].  Urbanski and Wine [1999] used LFP/UV absorption 
spectroscopy to observe the DMS−Cl adduct; no reaction was observed between the 









) at 298 K.  Recent work by Enami et al. [2004] supports the notion that the 
atmospheric fate of the DMS−Cl adduct does not include reaction with O2, however, 
Thompson et al. [2002] point out that reaction with O2 could be competitive with the 
decomposition channel even if the rate constant for the reaction (DMS−Cl + O2) is as 








.   Thompson et al. used variational RRKM theory to 
predict the thermal decomposition rate of the stabilized adduct, and a value of 0.02 s
-1
 
was obtained.  DMS−Cl absorbs near UV radiation very strongly [Urbanski and Wine, 
1999; Enami et al., 2004], suggesting that photolysis could also be an important 
atmospheric loss pathway.   
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As mentioned above, publications describing kinetic and mechanistic studies of 
atmospheric DMSe reactions are extremely limited [Atkinson et al., 1990; Thompson et 
al. 2002; Tuazon et al., 1996].  Atkinson et al. [1990] investigated the reactions of DMSe 
with OH, O3, and NO3 at 296 K and 1 atm air using a relative rate technique and reported 






) of 6.78 × 10
−11
, 6.80 × 10
−17
, and 1.4 × 
10
−11
, respectively.  The rate coefficients above are at least an order of magnitude faster 
than the corresponding rate coefficients for OH, O3, and NO3 reactions with DMS at 296 
K, 1 atm air [Sander et al., 2011].  It is worth noting that DMSe oxidation products are 
likely to be much less volatile than the analogous DMS products, allowing them to 
potentially play a significant role in aerosol formation and/or growth. 
In this study, we couple 248 nm laser flash photolysis of Cl2CO with monitoring 
of Cl by time-resolved atomic resonance fluorescence spectroscopy to investigate Cl + 
DMS and Cl + DMSe kinetics over a wide range of temperature and pressure.  The high 
and low pressure limit rate coefficients are established over the range of temperatures 
studied.  The results allow rate coefficients for the elementary reactions listed below to be 
evaluated.   
   
Cl  +  CH3SCH3   →   CH3SCH2  +  HCl     (6.1a) 
Cl  +  CH3SCH3  +  M   ↔  CH3S(Cl)CH3  +  M   (6.1b, −6.1b) 
Cl  +  CH3SeCH3   →   CH3SeCH2  +  HCl     (6.2a) 
Cl  +  CH3SeCH3  +  M   ↔  CH3Se(Cl)CH3  +  M   (6.2b, −6.2b) 
 
In addition, the Cl−S and Cl−Se bond strengths in DMS−Cl and DMSe−Cl are evaluated 
based on direct measurements of k6.ib and k−6.ib (i=1,2).  The new kinetic and 
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thermochemical data allow adduct lifetimes toward unimolecular decomposition under 
atmospheric conditions to be evaluated based on experimental data for the first time.  Our 
results are compared with the literature data described above and the potential importance 
of Cl-initiated oxidation as an atmospheric sink for DMS and DMSe is assessed.   
Experimental Details 
 
Chlorine atom kinetics in the presence of a range of concentrations of DMS and 
DMSe over a range of temperature and pressure were investigated using the LFP−RF 
technique described in Chapter 2.  Features of the method that are specific to this study 
and, therefore, are not discussed in Chapter 2 are addressed below. 
Cl2CO was chosen as the photolyte for our experiments in part because molecular 
chlorine is known to react with DMS [Barnes et al., 2006].   
 
Cl2CO + hν (248 nm) → 2Cl + CO  (6.3) 
 
A Lamda Physik Compex 102 KrF eximer laser served as the 248 nm light source 





 and the laser repetition rate was varied over the range 2−10 Hz.  Typical reaction 




 Cl2CO and [Cl]0 was typically in the 




.  For each measured chlorine atom decay, signals from a 
large number of laser shots were averaged to obtain a well-defined temporal profile.   
Experiments were performed over the temperature range 238–423 K for Cl + 
DMS and 236–640 K for Cl + DMSe.  Total pressure was varied over the range 1−700 
Torr.  For the high pressure experiments (P > 1 Torr) phosgene and DMS were 
introduced into the reaction cell from 12-L pyrex bulbs containing dilute mixtures of 
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phosgene or DMS with N2 and all gas flows were measured using calibrated mass flow 
meters.  Experiments at 1 Torr total pressure were conducted using both N2 and He as 
bath gas, while experiments at all other pressures employed N2 as the bath gas.  
Additionally, in the case of the 1 Torr experiments, conditions were such that half of the 
Cl2CO flow into the reaction cell came from a bulb containing ~2 % mixing ratio of 
Cl2CO in He, while the other half of the flow into the cell came from bulbs containing 
known mixing ratios of DMS or DMSe in He.  The contents of each bulb were measured 
frequently by UV photometry at 228.8 nm (Cd lamp).  The absorption cross sections at 





for DMS, 700 for DMSe.   
The gases used in this study were as follows: N2 (99.999%, Air Gas), He 
(99.999%, Air Gas), CO2 (99.99%, Air Gas), Cl2CO (99.0 %, Matheson Trigas,).  For 
Cl2CO and CO2 the stated purity refers to the liquid phase in a high-pressure gas cylinder.  
The liquid chemicals used in this study were as follows: DMS (99.0 %, Sigma-Aldrich), 
DMSe (99%, Alpha Aesar).  N2, He, and CO2 were used as supplied, while Cl2CO,  DMS 
and DMSe were degassed repeatedly at 77 K, then diluted in N2 or He and stored in pyrex 
bulbs (1 or 12 L), from which it was flowed into the reaction cell. 
Results and Discussion 
 
All experiments were carried out under pseudo-first-order conditions with 
[DMS(e)] >> [Cl]0;  DMS(e) ≡ „DMS or DMSe‟.  Thus, in the absence of secondary 
reactions that enhance or deplete the Cl concentration, the Cl temporal profile following 




ln{[Cl]0/[Cl]t}  =  ln{S0/St}   =   (k6.i[DMS(e)] + k6.4)t  =  k′t (i=1,2)  (6-I) 
 
In equation (6-I), S0 is the Cl fluorescence signal at a time immediately after the laser 
fires, St, is the Cl fluorescence signal at time t, k6.1 is the overall rate coefficient for loss 
of Cl by all irreversible Cl + DMS reaction channels, k6.2 is the overall rate coefficient 
for loss of Cl by all irreversible Cl + DMSe reaction channels, and k6.4 is the rate 
coefficient for the following reaction: 
 
Cl →     Reaction with background impurities and/or 
              loss by diffusion from detector field of view    (6.4) 
 
The bimolecular rate coefficients of interest, k6.i(P,T), are determined from the 
slopes of k′ vs [DMS(e)] plots for data obtained at constant T and P.  We have been able 
to evaluate rate coefficients for H-abstraction, adduct formation, and adduct dissociation.  
In addition, the bond dissociation enthalpy for the addition reaction has been evaluated.  
Prior to this study, there has been no experimental data published on the bond strengths 
of the DMS−Cl or DMSe−Cl adducts.  Since the Cl + DMS(e) reaction mechanisms vary 
with temperature and pressure, each regime is discussed separately. 
Experiments at P = 1 Torr He    
We expect data obtained at P = 1 Torr He to be attributed to the H-abstraction 
reaction.  To this end we will be able to directly compare our results with data reported 
by Diaz de Mera et al. [2002], also obtained at P = 1 Torr He.  Well-behaved pseudo-
first-order Cl atom kinetics were observed in studies carried out at 223 K < T < 640 K 
and 1 Torr He bath gas, i.e., Cl temporal profiles were exponential and observed first 
order decay rates were found to increase linearly with increasing [DMS(e)].  Observed 
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kinetics were found to be independent of laser photon fluence variations and variations in 
photolyte concentrations.  The kinetic observations are consistent with the behavior 
predicted by equation (6-I), and this evidence strongly supports the contention that 
reactions (6.i) and (6.4) are the only processes that significantly affect the post-laser-flash 
Cl time history.  Typical data are shown in Figures 6.1 and 6.2, and measured 
bimolecular rate coefficients, k6.ia(P,T), are summarized in Table 6.1. 
The background Cl atom loss rate (k6.4) was measured directly at each 
temperature and pressure.   Of note are the large values for k6.4 found at P = 1 Torr He 
(see Figure 2).  For the 1 Torr He experiments k6.4 varied from 900 s
-1
 (at 220 K) to 3000 
s
-1
 (at 640 K).  A negative temperature dependence is observed over a range of 
temperatures (223-423 K) as bimolecular rate coefficients were obtained from the slopes 
of k′ vs. [DMS(e)] plots.  Arrhenius plots for reactions 6.1a and 6.2a are shown in Figure 
6.3.  Also shown in Figure 6.3 are the 1 Torr He data reported by Diaz-Mera et al. 
[2002].  The following best fit Arrhenius expressions are derived from a linear least-




k6.1a(T) = (8.0 ± 1.8) × 10
−11






k6.2a(T) = (1.4 ± 0.2) ×10
−10







Uncertainties in the above expressions are 2σ and represent the precision of the Arrhenius 
parameters.  The largest systematic uncertainty in the determination of each bimolecular 
rate coefficient, k6.i(P,T) (i=1,2), lies in the determination of the reagent concentration in 
the reaction mixture; we estimate this uncertainty to be ± 10% independent of pressure 
and temperature.  Since the precision of the k6.i(P,T) values tabulated in Tables 6.1 and 
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6.2 are quite good (2σ ≤ 10%), we conservatively estimate the accuracy of each reported 











Figure 6.1     Typical Cl atom temporal profiles observed at P = 1 Torr 














(a) 0, (b) 1.20, (c) 2.35.  Lines are obtained from least-squares analyses and 
give the following pseudo-first-order decay rates in units of s
-1
: (a) 990, (b) 

















Figure 6.2    Plots of k′, the pseudo-first-order Cl atom decay rate, versus 
[DMS] for data obtained at 298 K.  Lines are obtained from linear least 
squares analyses, and the resulting bimolecular rate coefficients, i.e., the slopes 
of the data are listed in Table 6.1.  Open circles represent data obtained at 1 




Table 6.1.  Summary of Kinetic Data at P = 1 Torr He for the Cl + DMS Reaction at 423 K ≥ T 
≥ 223 K and Cl + DMSe at 640 K ≥ T ≥ 236 K.
a
  






k6.4 k’max k6.1a ± 2σ 
223 10 6000 3 950 600 33000 3.34 ± .19 
238 11 3700 3.5 230 1000 7700 2.75 ± .18 
250 10 6000 3 840 900 22000 2.68 ± .12 
299 10 6000 3 190 1400 5900 2.17 ± .07 
298 12 5000 5 860 1910 20000 2.34 ± .15 
352 10 4000 3 600 1800 12000 1.76 ± .14 
357 12 4000 3 600 1800 12000 1.83 ± .11 
357 19 2000 2 160 1900 5300 2.01 ± .14 









 k’max k6.2a ± 2σ 
236 12 4300 3.5 690 940 25000 3.50 ± .07 
299 12 3400 3.5 550 1600 15990 2.78 ± .13 
401 12 2500 2.6 400 2000 3300 2.32 ± .10 
498 8 2000 1.8 330 2100 3300 2.15 ± .13 
640 10 1600 1.6 260 3000 3600 2.03 ± .15 
a 















).  N ≡ number of measurements of a single qseudo-first-order Cl decay rate.  
































Figure 6.3. Arrhenius plots for Cl + DMS (black circles) and Cl + 
DMSe (red squares) H-abstraction reactions.   The solid lines are 
obtained from an unweighted linear least-squares analysis and give the 
Arrhenius expressions reported in the text.  Uncertainties are 2σ, precision 
only.  Closed symbols represent our work, while open symbols are taken 
from Diaz de Mera et al.[2002] (Cl + DMS) and Thompson et al.[2002] 




Table 6.2.  Summary of Kinetic Data for Cl + DMS at 357 ≥ T ≥ 238 K.   






 k’max k6.1 ± 2σ 
238 1 10 4000 3 370 10000 2.52 ± .01 
 1 10 4000 3 370 10000 2.63 ± .01 
 3 10 10000 3 1000 30000 2.80 ± .16 
 10 5 6000 3 180 5200 2.94 ± .09 
 20 6 6000 3 160 5100 3.01 ± .19 
 50 6 6000 3 160 5700 3.53 ± .18 
 100 6 6000 3 140 5400 3.82 ± .23 
 200 7 6000 3 160 6600 3.89 ± .09 
 400 8 6000 3 170 6200 3.82 ± .17 
 500 6 6000 3 160 6700 3.93 ± .47 
298 1 12 3000 4 300 7600 2.31 ± .07 
 3 10 9000 10 850 20000 2.41 ± .08 
 10 7 5000 2 130 3700 2.67 ± .21 
 20 5 3000-10000 1-6 200 6000 2.91 ± .12 
 50 7 5000 2 140 4500 3.09 ± .20 
 100 7 5000 2 130 4400 3.26 ± .10 
 300 6 5500 3 110 4100 3.59 ± .23 
 400 4 5000 2 130 4500 3.32 ± .47 
 500 8 5500 3 160 5800 3.55 ± .19 
357 1 10 3000 2 170 4300 2.07 ±.01 
 3 10 9000 4 500 10500 1.93 ± .06 
 10 6 10000 5 110 2700 2.26 ± .16 
 20 5 10000 5 130 3300 2.45 ± .07 
 50 6 10000 5 130 3300 2.49 ± .16 
 100 6 10000 5 120 3600  2.69 ± .06 
 200 6 10000 4 140 4300 3.04 ± .14 
 400 8 10000 5 120 4000 3.17 ± .16 
 500 6 10000 4 130 4000 3.13 ± .19 















).  N ≡ number of measurements of a single qseudo-first-order Cl decay rate.  




 was added to promote more rapid 
equilibration of the Cl(
2












Table 6.3.  Summary of Kinetic Data for Cl + DMSe at 401 K ≥ T ≥ 236 K.
a
   






k’max K6.2 ± 2σ 
236 10 5 1500 2.2 57.5 2219 3.63 ± .24 
 20 5 2400 2.6 63.4 2454 3.71 ± .17 
 50 8 3200 3.5 110 4172 3.89 ± .29 
 100 5 4500 7.0 105 4181 3.85 ± .17 
 300 8 3500 3.5 252 9836 3.79 ± .11 
 500 7 3900 4.3 195 7386 3.80 ± .13 
299 2.5 5 1600 1.9 150 4659 2.95 ± .15 
 2.5 5 2000 3.5 165 4615 2.71 ± .17  
 5 5 1200 3.0 230 6818 2.89 ± .21 
 5 5 2300 2.2 180 5133 2.84 ± .20 
 7.5 5 1900 1.9 185 5449 2.97 ± .17 
 10 5 1700 3.3 188 5802 3.01 ± .19 
 15 5 2300 2.2 193 5904 2.94 ± .28 
 20 5 1700 3.7 222 6805 3.23 ± .18 
 20 5 2300 2.2 225 6810 3.02 ± .17 
 25 5 2200 3.7 178 5396 3.08 ± .27 
 30 5 2300 3.6 211 6705 3.16 ± .11 
 35 5 1500 3.5 233 7655 3.40 ± .15 
 35 5 2200 1.9 176 5632 3.24 ± .25 
 100 5 2300 3.6 120 3689 3.26 ± .24 
 200 5 2300 4.0 128 3913 3.46 ± .14 
 300 5 4000 6.1 135 4579 3.37 ± .11 
 500 5 4000 6.1 114 3967 3.44 ± .19 
 700 5 4000 6.1 101 3490 3.43 ± .29 
401 20 5 1900 2.0 143 3603 2.53 ± .11 
 50 5 3300 1.5 117 3443 2.80 ± .11 
 100 7 3000 3.8 182 5278 2.91 ± .19 
 300 5 3300 6.5 173 5662 3.25 ± .19 
 500 5 3500 4.4 183 5954 3.35 ± .25 
 700 5 2700 2.4 90.2 2956 3.33 ± .29 
a 
Units: T(K); P(Torr); concentrations(molec cm
-3















); N ≡ number of measurements of a single pseudo-first-order Cl 
decay rate.  Uncertainties represent precision only.  
 
 
Pressure Dependent Channel   
Experiments were performed over the temperature ranges 220 – 421 K for Cl + 
DMS and from 236 – 640 K for Cl + DMSe.  Total pressure varied from 1 Torr to 700 
Torr N2.  Rate coefficients were found to increase with increasing pressure at all 
temperatures investigated (see Tables 6.2 and 6.3).  To provide a parameterization that is 
convenient for representing pressure dependent kinetic data in atmospheric models and in 
Figures 6.4 and 6.5, the data were fit to the following expression [Sander et al., 2011].   
 
     (6-II)        
                 
In eq 6-II, k0 and k∞ are approximations to the low and high pressure limiting rate 
coefficients and 0.6 is a fixed value representing the broadening parameter, Fc; although 
Fc is dependent on both the identity of the bath gas and the temperature [Troe, 1979; 
1983; Luther and Troe, 1978], assuming Fc=0.6 allows data to be fit well over the range 
of conditions typically encountered in the atmosphere [Sander et al., 2011].  The pressure 
dependent data for Cl + DMS and Cl + DMSe at 298 K are plotted in Figures 6.4 and 6.5, 
respectively.  The solid lines in these figures are best fits of the data to the sum of a 
pressure independent rate coefficient (H-abstraction) and a pressure dependent rate 
coefficient using eq 6-II to represent the pressure dependent component.  The dashed 
lines in the figures show the pressure dependent and pressure independent components.  
It should be noted that in Figures 6.4 and 6.5 the 1 Torr He data are are plotted as 0.5 
Torr N2 because low pressure limit rate coefficients for association reactions are typically 
a factor of two slower in He than in N2 at a given total pressure.  The data indicate that 
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the H-abstraction channel accounts for approximately 60% (Cl + DMS) and 80% (Cl + 











Figure 6.4   Data shown for Cl + DMS at 298 K as a function of P.  
Dotted line represents the addition channel; solid line represents total rate 
constant as a function of pressure; dotted horizontal (red) line represents 

















Figure 6.5   Data shown for Cl + DMSe at 299 K as a function of P.  
Dotted line represents the addition channel; solid line represents total rate 
constant as a function of pressure; dotted horizontal (red) line represents 
k6.2a.  Note: 1 Torr He data plotted as 0.5 Torr N2. 
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High Temperature Equilibration Kinetics 
  At temperatures around 420 K and high pressures (around 500 Torr N2), kinetic 
evidence for reversible addition of Cl to DMS was observed, and at 492 K similar 
evidence was observed for Cl + DMSe.  The relevant kinetic scheme for analysis of this 
“approach to equilibrium” data includes reactions (6.ia), (6.ib), (−6.ib), (6.4), and (6.5), 
where i = 1 for Cl + DMS and i = 2 for Cl + DMSe.   
 
CH3S(e)(Cl)CH3 → loss by processes that do not regenerate Cl atoms (6.5) 
 
The rate equations for the above reaction schemes can be solved analytically, and predict 
double exponential functional forms for the Cl decay: 
 
 [S]t/[S]0  =  [(Q + λ1)exp(λ1t) - (Q + λ2)exp(λ2t)] / (λ1 - λ2)    (6-III) 
 
In equation (6-III), St and S0 are the resonance fluorescence signal levels at times t and 0, 
and  
 
Q   =   k−6.ib  +  k6.5,         (6-IV) 
−(λ1 + λ2)   =   Q  +  k6.4  +  (k6.ia + k6.ib) [DMS]     (6-V) 
λ1λ2   =   Q(k6.4 +  k6.ia[DMS])  +  k6.5k6.ib[DMS]     (6-VI) 
 
A typical observed Cl temporal profile is shown in Figure 6.6.  The temporal profiles 
were fit to the double exponential equation (6-III) using a non-linear least squares method 
to obtain values for the fit parameters S0, Q, λ1, and  λ2.  Rearrangement of equations (6-
IV) – (6-VI) gives relationships for the rate coefficients of interest: 
 
kib   =   − (Q  +  k6.4  +  k6.ia[DMS]  +  λ1  +  λ2) / [DMS]   (6-VII) 
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k6.5   =   {λ1λ2   –  Q(k6.4 + k6.ia[DMS)} / k6.ib[DMS]                (6-VIII) 













Figure 6.6.  Typical approach to equilibrium kinetic data for Cl + 
DMS.  Experimental conditions: T = 421 K, P = 500 Torr N2, [Cl] ~ 5 × 
10
11




. Solid line represents best fit 
to equation 6-III; the best fit parameters are  S0 = 5200, Q = 2480 s
-1
, λ1 = 
−17700 s
-1
, λ2 = −1660 s
-1
.  Dashed line represents best fit to a single 
exponential decay.  Photolysis laser fired at time = 0.   
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The background Cl atom loss rate (k6.4) was directly measured by observing the 
RF decay in the absence of DMS(e) at each temperature and pressure.  At 421 K and 500 
Torr, k6.4 ~ 20 s
-1
 , and at 492 K, 500 Torr, k6.4 ~ 30 s
-1
.  Experimental conditions and 
results of all equilibration kinetics experiments are summarized in Tables 6.4 and 6.5.  
The values of the equilibrium constants given in the tables have been derived from the 
following relationship 
 
KP   =   k6.ib / (k−6.ib RT)   =   Kc / (RT)    (6-X)  
 
The fact that the H-abstraction channel is such a large fraction of the total reaction 
inhibits our ability to observe equilibration, i.e., in order to observe double exponential 
decays where the long-time decay rate is significantly slower than the short time decay 
rate, it is necessary to drive the Cl ↔ DMS(e)−Cl equilibrium very far toward 
DMS(e)−Cl.   Further complicating matters is the strong temperature dependence of k−ib.  
Because we were limited in our ability to observe equilibrium conditions, our efforts 
concentrated on experimental conditions where optimal data could be obtained (421 K for 
DMS and 492 K for DMSe).  We estimate the accuracies (95% confidence level) of k6.ib 
and k−6.ib to be ±20% and ±30%, respectively (i = 1, 2).  Hence, a reasonable estimate for 
the accuracies of reported values for KP is ± 35% at the 95% confidence level.   
Ideally, we would like to obtain values for KP over a wide range of temperature 
and extract ∆rH and ∆rS from the slope and intercept of a van‟t Hoff plot (ln KP vs 1/T), 
however, due to the limitations noted above we were forced to rely on data at a single 
temperature for each reaction.  Thus, values for the adduct bond strength are derived by 
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using a third-law method.  The enthalpy change for each reaction is obtained from the 
relationship 
 
ln KP   =   (ΔrS / R) – (ΔrH / RT)     (6-XI) 
 




 at 421 K (Cl + DMS) and 




 at 492 K (Cl + DMSe).  These experimental values were 
employed in conjunction with calculated entropy changes for each reaction to determine 
ΔrH6.1b(421 K) and ΔrH6.2b(492 K).  To evaluate ΔrS for reactions (6.1b and 6.2b), 
absolute entropies as a function of temperature were obtained from the JANAF tables for 
Cl and calculated using ab initio vibrational frequencies and moments of inertia for 
DMS(e) and DMS(e)−Cl.  Relevant parameters used in the calculations of absolute 
entropies and heat capacity corrections are summarized in Table 6.6.  The electronic 
structure calculations were carried out by our collaborator, Michael L. McKee of Auburn 
University.  Geometries were determined by the G4 method [Curtiss et al., 2007] using 
the Gaussian 09 program [Frisch et al., 2009].  The G4 level is a composite of several 
calculations starting with geometries and frequencies at the B3LYP/6-31G(2df,p) level.  
Theoretical values for enthalpy of binding at 298K for DMS−Cl and DMSe−Cl are found 
to be 85.4±3.5 and 101.7±3.5 kJ/mol, respectively.  The uncertainty is based on the 
average deviation from experiment in a test set of 454 chemical species, 34 of which are 
radicals [Curtiss et al., 2007]; the calculations include a spin orbit correction for atoms 
which is 3.52 kJ/mol for Cl (
2
P) [Curtiss et al., 2007].  Figure 6.7 shows the optimized 




Table 6.4.  Results for Cl + DMS + N2 ↔ DMS−Cl + N2 at T = 421 K.
a 
P Q -λ1 -λ2 [DMS] [Cl2CO] [Cl]0 k6.1b k6.5 k−6.1b KP 
700 4388 2865 19855 647 7750 1.2 1.24 1450 2940 7.36 
700 4492 3077 15270 492 7750 1.2 1.22 1950 2550 8.36 
700 6205 3509 12934 354 7750 1.2 1.29 2230 3980 5.66 
500 4227 7499 2137 195 4500 2.8 1.24 1402 2820 7.82 
500 4952 11711 2987 376 12000 7.7 1.08 1683 3270 5.87 
500 2694 5624 1692 198 12000 7.7 .803 843 1850 7.69 
500 3525 11187 2426 410 15000 6.5 .872 1170 2360 6.44 
500 4179 6603 2441 198 15000 6.5 .845 1660 2520 5.84 
500 3497 14812 2494 551 11500 4.7 .914 1943 2253 7.06 
500 3079 12465 2090 449 11700 4.8 .963 929 2150 7.79 
500 2800 10191 1760 366 11600 4.7 .899 468 2332 6.71 
500 2476 17729 1662 715 11600 4.7 .777 242 2234 6.05 
500 2990 23068 1928 879 11600 4.7 .915 338 2650 6.00 
a
 Units: P (Torr); Q, λ1, λ2, k6.5, k-6.1b (s
-1


























Table 6.5.  Results for Cl + DMSe + N2 ↔ DMSe−Cl + N2 at T = 492 K and P = 500 Torr.
a 
Q -λ1 -λ2 [DMSe] [Cl2CO] [Cl]0 k6.2b k6.5 k−6.2b KP 
4806 13774 3575 457 3500 6 5.61 506 4300 1.95 
5266 19711 3965 667 3500 6 5.77 388 4880 1.77 
3780 20732 2940 749 3500 6 4.75 -223 4000 1.77 
6301 28763 4948 997 3500 6 5.69 943 5360 1.58 
5386 27950 4334 1010 3500 6 4.72 436 4950 1.42 
4564 35418 3359 1250 3500 6 5.54 -800 5360 1.54 
7365 36941 5928 1280 3500 6 5.89 1740 5630 1.56 
a
 Units: P (Torr); Q, λ1, λ2, k6.5, k−6.2b (s
-1






























The ab initio frequencies and rotational constants obtained by McKee are in good 
agreement with theoretical literature values [Resende and DeAlmeida, 1997; Enami et al., 
2004; Thompson et al., 2002; Wilson and Hirst, 1997].  It should be noted that internal 




Figure 6.7 Theoretical structures of DMS−Cl and DMSe−Cl adducts.  








The third-law analysis gives the following results, Cl + DMS (421 K): ΔrS = −100 









 and ΔrH = −98.1 ± 3.6 kJ/mol; the uncertainties we report reflect an estimate of 
our imperfect knowledge of the input data needed to calculate absolute entropies 
(particularly the low frequency DMS(e)−Cl vibrations) as well as the estimated 
uncertainty in the experimental values for KP at each temperature.  In arriving at the 
above uncertainties in ΔrS, we assume that the frequencies of the three lowest frequency 
DMS(e)−Cl vibrations could differ from the values given in Table 6.6 by ± 25 cm
-1
.  
Appropriate heat capacity corrections have been employed to obtain the following ΔrH 
values at 298 K and 0 K (units are kJ/mol): ΔrH298(1b) = −89.6, ΔrH0(1b) = −88.4 and 
ΔrH298(2b) = −98.5, ΔrH0(2b) = −97.6.  Uncertainties are accuracy estimates at the 95 % 
confidence level.  All results are summarized in Table 6.7.   Theoretical bond strengths 
are also tabulated in Table 6.7 and agree reasonably well with the experimental values.  




)   =   −(12.0 ± 1.2) + (10770 ± 1940) / T  Cl + DMS 
ln KP (atm
-1
)   =   −(12.0 ± 1.2) + (11850 ± 2120) / T  Cl + DMSe 
 
The values for ΔrH obtained above can be used in conjunction with literature values for 
the standard enthalpies of formation of Cl [Chase et al., 1985] and DMS [Voronkov et al., 
1989; McCullough et al., 1957] to deduce a value for the standard enthalpy of formation 
of Cl−DMS at 298 K, ΔfH298 = −5.8 + 7.0 kJ mol
-1
.  To our knowledge, the standard 
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enthalpy of formation is not known for DMSe, which prevents us from deducing a value 
for the standard enthalpy of formation of DMSe−Cl. 




Table 6.6.  Summary of parameters used in calculations of absolute entropies and heat capacity 
corrections for Cl + DMS and Cl + DMSe. 
 Cl DMS DMS−Cl 
g0 4 1 2 
g1 2   
∆ε (cm-1)
a
 882.36   
σ  2 1 
Rot. Constants (GHz)
b





  184, 187, 257, 687, 739, 
909, 948, 984, 1050, 1338, 
1363, 1462, 1472, 1479, 
1487, 3035, 3038, 3113, 
3119, 3137, 3138 
98, 149, 166, 172, 245, 270, 
683, 735, 919, 940, 968, 1057, 
1334, 1356, 1451, 1458, 1463, 
1470, 3053, 3054, 3148, 3151, 
3166, 3167 
  DMSe DMSe−Cl 
g0 4 1 2 
g1 2   
∆ε (cm-1)
a
 882.36   
σ  2 1 
Rot. Constants (GHz)
b





  146, 158, 206, 581, 596, 
857, 897, 924, 977, 1297, 
1319, 1460, 1469, 1475, 
1481, 3055, 3058, 3148, 
3153, 3156, 3156  
84, 130, 138, 146, 206, 214, 
584, 601, 872, 895, 913, 990, 
1296, 1315, 1449, 1457, 1459, 
1468, 3064, 3066, 3169, 3170, 
3182, 3183 
a
∆ε ≡ energy splitting between the lowest two electronic states; DMS(e) has no low-energy excited 
states and the adducts are assumed to have none. 
b
Calculated values at the B3LYP/GTBas3 level of 
theory. 
c









Table 6.7.  Thermochemical parameters for Cl + DMS ↔ DMS−Cl and Cl + DMSe ↔ DMSe−Cl. 
a 
 
 T  (K) Method −∆rH (kJ mol
-1









DMS 421 Third law 89.3 ± 2.9 
c 
100.1 ± 10 
c 
 
 0 Third law 88.4 ± 2.9 
c 
  
  G4 theory
 d 
84.2 ± 3.5 
e 
  
 298 Third law      89.6 ± 2.9 
c
 100.8 ± 10 
c 
−5.8 ± 7.0 
c 
  G4 theory
 d 
85.4 ± 3.5 
e 
  
DMSe 492 Third law 98.1 ± 3.6 
c 
99.4 ± 10.0 
c 
 
 0 Third law 97.6 ± 3.6 
c 
  
  G4 theory
 d 
100.8 ± 3.5 
e 
  
 298 Third law 98.5 ± 3.6 
c




  G4 theory
 d 


















Values are based on third law results; 
b
 Uncertainty is 2σ, precision only; 
c
 Uncertainty is estimated 
accuracy at the 95 % confidence level; 
d
 The level of optimization is B3LYP/6-31G(2df,p), also note 
G4 calculations include spin orbit corrections for atoms; 
e
 Uncertainty represents average deviation 
between experiment and theory for a test set of 454 chemical species, 34 of which are radicals. 
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Literature Comparisons  
 
Cl + DMS. It has previously been established that the Cl + DMS reaction 
proceeds through 2 different channels, a pressure-dependent addition channel and a 
pressure-independent H-abstraction channel [Stickel et al., 1992].  High pressure values 
for the room temperature rate coefficient reported in this study agree well with the 
literature (Table 6.8).  However, there are some inconsistencies with regard to the 
temperature dependence at both high [Stickel et al., 1992; Kinnison et al., 1996; Arsene 
et al., 2005; Zhao et al., 1996] and low [Stickel et al., 1992; Diaz de Mera et al., 2002] 
pressures.  Enami et al. [2004] and Stickel et al. [1992] show results for the pressure 
dependence (obtained by different methods) of the reaction which are in reasonable 
agreement.  Our low pressure data agrees well with the results reported by Stickel et al. 







) reported by Diaz de Mera et al. [2002].  Both Arrhenius plots 
are shown and the discrepancy in the data can be seen in Figure 6.3.  Diaz-de-Mera et al. 
[2002] report a rate constant in 1 Torr He that is over a factor of 2 lower than that 
reported by Stickel et al.[1992] at 3 Torr N2.  In addition, Diaz de Mera et al. report a 
small positive activation energy, while multiple research groups have reported a negative 
temperature dependence for the reaction [Stickel et al., 1992; Arsene et al., 2005; Enami 
et al., 2004].  New data reported herein includes experiments conducted in 1 Torr He bath 
gas as a function of temperature to more accurately determine the magnitude and T-
dependence of the H-abstraction rate coefficient (k6.1a).  Our results are in strong 
disagreement with the results of Diaz de Mera et al. [2002] regarding both the magnitude 
and T-dependence of k6.1a.  Diaz de Mera employed a discharge flow (DF) − mass 
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spectrometry (MS) technique to obtain rate coefficients at P = 0.5-1 Torr He.  Table 6.8 
summarizes all available kinetic data along with all previously published experimentally 
determined rate coefficients for the reaction over the full range of pressures.  
  
Table 6.8: Previously Reported Kinetic Data for Cl + DMS.
a
 
k6.1 (297 K) A E/R P Method Reference 
3.3  ±  0.5   700, N2  
LFP-RF 
 
Stickel et al., 1992 1.8  ± 0.5   3.1, N2 
0.69 ± .13 2.0 ×10
−10
 332 1, He DF-MS Diaz de Mera et al., 2002 
2.2 ± 0.2 8.0 ×10
−11
 −310 1, He LFP-RF This work. 
3.55 ± .19   500, N2 LFP-RF This work. 
3.22 ± 0.3   740, N2 Relative Rate Nielsen et al., 1990 
3.61 ± .21   760, N2 Relative Rate Kinnison et al., 1996 
3.15 ± .33 4.2 ×10
−13
 −1968 760, N2 Relative Rate Arsene et al., 2005 
4.03 ± .17   760, Air Relative Rate Kinnison et al., 1996 
3.6 ± .0.2   760, N2 CRDS
b 
Enami et al., 2004 
















); E/R (K); P (Torr). 
b
CRDS ≡ Cavity Ring-
Down Spectroscopy. 
 
The binding energy of DMS–Cl has been the subject of several theoretical 
investigations; however, no experimental results for the S–Cl bond strength have been 
reported until this work.  An ab initio study by Enami et al. [2004] suggests that DMS–Cl 
is bound by 74.0 kJ/mol, in agreement with Wilson and Hirst [Wilson and Hirst, 1997] 
but significantly higher than earlier calculations by McKee [1993] and Resende and De 
Almeida [1997].  A recent theoretical study by Thompson et al. [2002] suggests an even 
larger bond strength for DMS–Cl, 97.0 kJ/mol.  Results from our laboratory support an 
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S−Cl bond energy near the high end of the range of theoretical estimates summarized in 
Table 6.9. 
Table 6.9: Calculated 298 K Bond Strengths for the Cl−DMS adduct 
ΔH (kJ/mol) Literature 
80.9 Wilson and Hirst, 1997 
51 Mckee, 1993 
58.6 Resende, DeAlmeda, 1997 
74 Enami et al., 2004 
97 Thompson et al., 2002 
85.4 Laine et al., 2011c  
 
Cl + DMSe 
There is only one experimental kinetic study reported in the literature for the Cl + 
DMSe reaction [Thompson et al., 2002].  The 298 K rate coefficient obtained from this 
work is considerably smaller than that reported by Thompson et al., who carried out a 









.  There has been no experimental data reported on the bond strength of the DMSe−Cl 
adduct. 
In addition to their experimental work, Thompson et al. [2002] also carried out a 
theoretical investigation that addressed the DMSe−Cl bond strength and unimolecular 
decomposition products.  The theoretical 298 K bond strength reported by Thompson et 
al. is −111.4 kJ/mol which is somewhat higher than the experimental and theoretical 
values reported in this study.  Thompson et al. employed variational RRKM theory to 
investigate adduct unimolecular decomposition and suggest that instead of being 
stabilized or decomposing back to the starting compounds, the adduct CH3Se(Cl)CH3  
predominantly fragments to CH3SeCl + CH3 under atmospheric conditions, a process that 
does not occur [Zhao et al., 1996] for CH3S(Cl)CH3 due to unfavorable energetics 
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[Thompson et al., 2002].  This difference in the adduct decay mechanism of DMS–Cl and 
DMSe–Cl, if correct, implies an enhanced contribution of Cl reaction as a DMSe removal 
mechanism in marine environments since there would be no DMSe regeneration from the 
adduct.  However, our results are not consistent with the prediction of Thompson et al. as 
we see evidence for a long-lived DMSe−Cl adduct. 
Implications for Atmospheric Chemistry   
 
Table 6.10 shows lifetimes toward unimolecular decomposition computed for  
DMS−Cl and DMSe−Cl over the atmospheric temperature range.  The lifetimes (k−ib
-1
) 
are obtained using equilibrium constants and values for kib(T) that are based on the 
results reported in this study.  These lifetimes are sufficiently long that pathways other 
than unimolecular decomposition, i.e., photochemical loss [Urbanski and Wine, 1999] 
and/or slow reaction with O2, are likely to be important.   
 It appears that the Cl + DMS reaction is fast enough to compete with other DMS 
loss processes in some atmospheric environments.  Although the kinetic database is 
extremely limited for radical reactions with DMSe, it appears unlikely that reaction with 
Cl would be an important contributor towards DMSe loss in the atmosphere.  Table 6.11 



















298.15 −89.4 2.5 × 10
10
 1.4 .140 0.12 
273 −89.4 6.9 × 10
11
 1.4 .00549 3  
225 −89.5 3.6 × 10
15




298.15 −98.5 1.2 × 10
12
 0.6 .0012 13  
273 −98.5 4.5 × 10
13
 0.6 3.57 × 10
-5
 450  
225 −98.4 4.8 × 10
17


















































Table 6.11.  Estimated atmospheric lifetimes for DMS and DMSe with regard to several oxidants, 










τ (297 K) τ (230 K) 297 K 230 K 
DMS 
297 K 230 K  Clean enviromnemt References for kx 
6.7 × 10
-12
 4.7 × 10
-11
 OH 41 hr 6 hr (1) 
1.1 × 10
-12
 1.9 × 10
-12
 NO3 30 min 17 min (1) 




O3 > 77 d  (1) 
3.4 × 10
-13
 8.7 × 10
-13
 BrO ≥ 1.1 hr ≥ 27 min (1) 
1.7 x 10
-14
 4.0 x 10
-15
 IO ≥ 4.5 d ≥ 19 d  
3.6 × 10
-10
 3.9 × 10
-10




  OH 4 hr  (2) 
1.4 × 10
-11
  NO3 2.4 min  (2) 
6.8 × 10
-17
  O3 4 hr  (2) 
3.5 × 10
-10
 3.8 × 10
-10
 Cl 8 hr 7 hr This work 
a
Estimated concentrations (molecule cm
-3
): [OH] = 1 × 10
6 
(global avg.) [Seinfeld and 
Pandis, 2006]; [NO3] = 5 × 10
8
 (12 hr nighttime avg.)[Atkinson, 1997]; [O3] = 1 × 10
12
 
[Seinfeld and Pandis, 2006]; [BrO] = ≤ 7 × 10
8
 [Platt and Honninger]; [IO] = ≤ 1.5 × 10
8
 
[Platt and Honninger]; [Cl] = 1 × 10
5
 [Wingenter, 2005].  References: (1) Sander et al., 













CONCLUSIONS AND FUTURE WORK 
 
 
This dissertation reports studies of some gas phase halogen atom reactions that are 
of potential importance in atmospheric chemistry.  Laser flash photolysis (LFP) was 
employed to initiate radical reactions.  LFP was coupled with time-resolved atomic 
resonance fluorescence (RF) spectroscopy to monitor the time-dependent concentrations 
of either an atomic reactant or product.  The new kinetic information facilitates a better 
understanding of the roles of the studied reactions in atmospheric chemistry. 
  Rate coefficients as well as branching ratios for β-hydrogen abstraction are 
determined for Cl reactions with bromoethane, n-bromopropane, and 1,2-dibromoethane 
as a function of temperature by monitoring the appearance of Br that is rapidly eliminated 
from the products of the β-hydrogen abstraction reactions.  We have carried out the first 
temperature dependent study of these reactions as well as the first absolute rate 
coefficient measurements at any temperature.  Rate coefficients for reactions of Cl atoms 
with CH3CH2Br and CH3CH2CH2Br are substantially faster than the corresponding OH 
rate coefficients (factors of 30-90 depending on temperature and the identity of R−Br), so 
it seems likely that the Cl reaction makes a significant contribution to the tropospheric 
degradation of these compounds.  As a result, the ozone depletion potentials of 
CH3CH2Br and CH3CH2CH2Br may be smaller than current estimates suggest. The rate 
coefficient for the reaction of Cl atoms with CH2BrCH2Br is at most a factor of 5-6 faster 
than the corresponding OH reaction at tropospheric temperatures, so reaction with Cl is 
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probably only a very minor contributor to the tropospheric degradation of this alkyl 
bromide.   
The kinetics and thermochemistry of the isoprene reaction with Cl has been 
investigated.  Prior to this work, there had only been one  temperature dependent study of 
the Cl + isoprene reaction.  Our 298 K data is near the low end of the range of the 
reported literature values, and our T-dependent result does not agree with the lone 
previous study [Bedjanian et al., 1998].  Our temperature dependent results indicate that 
the Cl + isoprene reaction is ~ 2.5 times faster than OH + isoprene at 230 K, whereas the 
previous temperature dependent result suggests the Cl reaction to be ~ 5 times faster than 
the OH reaction at this temperature.  The new result lessens the likelihood that the Cl 
reaction could compete with the OH reaction in the atmosphere.  In addition, this study 
reports the first experimental determination of the Cl-isoprene bond strength as well as 
the first investigation of Cl + isoprene kinetics at temperatures above 320 K. 
We have investigated the kinetics of Br reactions with three olefins over a wide 
range of temperature, pressure, and [O2].  The results allow rate coefficients for 
elementary steps in the expected atmospheric reaction mechanisms for the Br-initiated 
oxidation of olefins to be evaluated more directly than in previous studies of any Br + 
olefin reaction.  The results presented herein indicate that the 298 K rate coefficients for 
Br + isoprene, 1,3-butadiene, and 2,3-dimethyl-2-butene are significantly faster than 
previous published work suggests [Bierbach et al., 1996].  Reasons for the discrepancy 
are not clearly understood at this time.  Bond dissociation enthalpies for Br + isoprene 
and 1,3-butadiene have been determined for the first time, and the results suggest the 
C−Br bonds in Br−isoprene and Br−1,3-butadiene are stronger than any C−Br bond 
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strength previously reported for any bromoalkyl radical.  The increased stability can be 
attributed to the allyl-resonance stabilization effect as the result of conjugated double 
bonds, i.e., C−Br bond strengths in Br−isoprene and Br−1,3-butadiene are ~70 kJ/mol 
whereas C−Br bond strengths Br−TME and Br−ethylene [Ferrell, 1998] are 47 and 29 
kJ/mol, respectively.  Examination of the effect of added O2 on Br kinetics under 
conditions where reversible adduct formation is observed allows rate coefficients for the 
Br−olefin + O2 reactions to be determined.  Results from the Br−olefin + O2 experiments 
provide further evidence of the effect of allyl-resonance stabilized bromoalkyl radicals.  
The rate coefficient for the Br−TME + O2 reaction is ~ 10 times larger than the rate 
coefficients for the Br−isoprene + O2 and Br−1,3-butadiene + O2 reactions.  Our results 
suggest that, for the bromoalkyl radicals investigated in this study (Br−isoprene, Br−1,3-
butadiene, and Br−TME), bromoalkyl radical reaction with O2 occurs considerably more 
rapidly under atmospheric conditions than bromoalkyl radical unimolecular 
decomposition.  Hence, the near gas kinetic addition reactions appear to control the rate 
of olefin loss by reaction with Br in the atmosphere.     
Reactions of Cl atoms with DMS and DMSe have been investigated.  The Cl + 
DMS reaction has been studied extensively.  Our 700 Torr, 298 K results agree well with 
several other experimental studies performed using a variety of techniques [Enami et al., 
2004; Arsene et al., 2005; Kinnison et al., 1996; Stickel et al., 1992; Nielsen et al., 1990], 
however, our H-abstraction rate coefficient is a factor of 3 larger than the lone H-
abstraction rate coefficient reported in the literature [Diaz-de-Mara et al., 2002].  We also 
report the first experimentally determined bond dissociation enthalpy for the Cl−DMS 
adduct, which is near the high end of the range of theoretical estimates. 
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The rate coefficient for the Cl + DMSe reaction at 298 K is found to be 
significantly slower than the lone previous experimental study [Thompson et al., 2002].  
Kinetic data, as well as the experimental bond dissociation enthalpy over the relevant 
range of atmospheric temperatures and pressures, are reported for the first time.   
The 298 K high and low pressure limits for the association rate coefficients have 
been established for both Cl + DMS and Cl + DMSe.  We observe evidence for a long-
lived Cl−DMSe adduct which argues against a published theoretical prediction 
[Thompson et al., 2002] that this adduct rapidly decomposes to CH3 + CH3SeCl.  The 
new kinetic and thermochemical data allow adduct lifetimes toward unimolecular 
decomposition under atmospheric conditions to be evaluated based on experimental data 
for the first time.   
The studies described in this dissertation can be followed by some future work.  
As discussed in Chapter 1, chlorine atom chemistry can compete with OH as an  
important oxidant in marine and coastal environments.  Furthermore, based on recent 
findings of significant levels of ClNO2(g) in Colorado, far removed from any marine 
environments, Cl chemistry could potentially play an important role in terrestrial 
environments [Thornton et al., 2010].  However, the kinetic database for gas phase 
reactions of Cl with volatile organic compounds is still limited [Atkinson et al., 2006; 
Sander et al., 2011], especially for some biogenic organic compounds that are thought to 
be abundant in coastal and/or marine regions and play important roles in impacting 
regional air quality and/or aerosol formation [Atkinson and Arey, 2003 and the references 
therein].  Many Cl reactions can proceed via both H-abstraction and addition pathways 
and, as a result, display complex temperature and pressure dependences.  Temperature 
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dependences of both rates and mechanisms are needed information for evaluating the 
atmospheric fates of these organic compounds as well as for understanding the ensuing 
chemistry.     
Given that our Br + olefin results do not agree with those from Bierbach et al. 
[1996], it would be helpful to have absolute rate coefficient determinations for all of the 
olefins studied in the chain of Br + olefin reactions investigated by Bierbach et al. in their 
relative rate study.  The Br + olefin + O2 experiments confirm that the bromoalkyl 
radicals studied undergo reaction with O2, however, the LFP-RF experiments described 
herein do not provide insight into the subsequent chemistry of the resulting peroxy 
radical.  In order to explain the large discrepancy between our Br + olefin results and 
those from Bierbach et al. [1996], the subsequent chemistry following Br−olefin reaction 
with O2, i.e., the fate of the bromoperoxy radical, should be explored. This explanation 
could lead to determination of the ―effective‖ atmospheric rate coefficient for the Br + 
olefin reactions of interest.   
Kinetic data and mechanistic information for DMSe reactions with a variety of 
important atmospheric oxidants (OH, BrO, NO3, O3) are necessary to facilitate a 
comprehensive understanding of DMSe oxidation process in its transport from marine to 
terrestrial environments.  There has only been one published study (298 K) on the 
reactions of DMSe with OH, NO3, or O3 [Atkinson et al., 1990].  The limited kinetic data 
available for the above DMSe reactions suggests these reactions are significantly faster 
than the corresponding reactions with DMS.  The BrO reaction with DMS plays an 
important role in atmospheric DMS oxidation, and published studies indicate there could 
potentially be a pressure dependence for the reaction [Ingham et al., 1999; Nakano et al., 
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2001; Read et al., 2008].  Thus, further work towards the potential pressure dependence 
for the BrO + DMS reaction is needed.  In addition, it is necessary to evaluate the kinetics 
of BrO + DMSe in order to accurately assess the fate of DMSe in the atmosphere.  
Because DMSe oxidation products are expected to partition primarily to the condensed 
phase, investigations of the aqueous phase transformations of these species are needed in 
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